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Abstract 
The Fifield suite of ultramafic-mafic intrusions occur as an N-S linear belt within the Lachlan Orogen 
extending from north of Condobolin to south of Bourke, NSW and are associated with Australia’s only 
significant platinum production from nearby placer deposits. These Alaskan-type or ankaramitic plutons 
intrude the highly deformed quartz-rich turbidites of the Middle to Late Ordovician Girilambone Group, 
which were deformed during the Late Ordovician-Early Silurian Benambran Orogeny. The lack of any 
internal fabric or significant alteration indicates the Fifield intrusive suite is a post-Benambran phase of 
extension related magmatism. U-Pb SHRIMP dating of zircons extracted from a hornblende gabbro of the 
Tout intrusion give an age of 439.6 ± 8.5 Ma (Early Silurian), providing the first accurate date for the 
intrusions and by association an age constraint to the termination of the Benambran Orogeny. Thirty-six 
samples were collected from outcrop and drill core from the Owendale, Tout, Murga and Murrumbogie 
intrusions for use in petrographic and whole-rock geochemical analysis. Petrographic analysis yielded a 
crystallisation sequence typical of Alaskan-type intrusions of olivine-clinopyroxene-orthopyroxene-
amphibole-plagioclase-K-feldspar-quartz with minor biotite, magnetite, chromite and sulfide phases. This 
was supported by geochemical results, with the ultramafic association having >40 wt. % MgO and the 
cumulate association having an average of 12.66 wt. % MgO (pyroxenite – 18.83 wt. %, gabbro – 12.68 
wt. %, monzonite/diorite – 6.49 wt. %). Harker diagrams reveal that two distinct suites of igneous rocks 
are present within the Fifield igneous suite; 1) an ultramafic association characterised by serpentinised 
peridotite (hazburgite) with an Mg number of 80 and REE patterns that indicate a depleted chondrite-
normalised signature; and 2) the cumulate association characterised by progressive evolution from 
pyroxenite-hornblendite to gabbro, diorite and monzonite compositions that show clear geochemical 
fractionation trends from a single alkali basaltic melt source. Chromite compositions from the ultramafic 
rocks are consistent with Alaskan-type or island arc origins. The ultramafic rocks are interpreted to 
represent the residual depleted hazburgitic material from which the alkali basaltic melt was extracted via 
partial melting then undergo fractional crystallisation to produce the mafic felsic cumulate rocks. The 
Fifield intrusive suite is concluded to have been derived from a fertile mantle source which was emplaced 
as a solid but ductile diapir into the wet sediments of the Girilambone Group, where the addition of water 
into the diapir initiated partial melting. The cumulate association was then formed by fractional 
crystallisation. This is concluded to have occurred in an extensional setting similar to that associated 
with post-collisional, extension related alkali volcanism in northern Taiwan. Emplacement of the Fifield 
intrusive suite is interpreted to have occurred during a brief period of regional extension that occurred 
immediately after the accretion of the Macquarie Arc and is coeval with ‘Phase 4’ magmatism associated 
with the alkali ‘shoshonitic’ porphyry mineralisation at Cadia and Northparkes. 
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Abstract 
The Fifield suite of ultramafic-mafic intrusions occur as an N-S linear belt within the Lachlan 
Orogen extending from north of Condobolin to south of Bourke, NSW and are associated 
with Australia’s only significant platinum production from nearby placer deposits. These 
Alaskan-type or ankaramitic plutons intrude the highly deformed quartz-rich turbidites of the 
Middle to Late Ordovician Girilambone Group, which were deformed during the Late 
Ordovician-Early Silurian Benambran Orogeny. The lack of any internal fabric or significant 
alteration indicates the Fifield intrusive suite is a post-Benambran phase of extension related 
magmatism. U-Pb SHRIMP dating of zircons extracted from a hornblende gabbro of the Tout 
intrusion give an age of 439.6 ± 8.5 Ma (Early Silurian), providing the first accurate date for 
the intrusions and by association an age constraint to the termination of the Benambran 
Orogeny. Thirty-six samples were collected from outcrop and drill core from the Owendale, 
Tout, Murga and Murrumbogie intrusions for use in petrographic and whole-rock 
geochemical analysis. Petrographic analysis yielded a crystallisation sequence typical of 
Alaskan-type intrusions of olivine-clinopyroxene-orthopyroxene-amphibole-plagioclase-K-
feldspar-quartz with minor biotite, magnetite, chromite and sulfide phases. This was 
supported by geochemical results, with the ultramafic association having >40 wt. % MgO and 
the cumulate association having an average of 12.66 wt. % MgO (pyroxenite – 18.83 wt. %, 
gabbro – 12.68 wt. %, monzonite/diorite – 6.49 wt. %). Harker diagrams reveal that two 
distinct suites of igneous rocks are present within the Fifield igneous suite; 1) an ultramafic 
association characterised by serpentinised peridotite (hazburgite) with an Mg number of 80 
and REE patterns that indicate a depleted chondrite-normalised signature; and 2) the 
cumulate association characterised by progressive evolution from pyroxenite-hornblendite to 
gabbro, diorite and monzonite compositions that show clear geochemical fractionation trends 
from a single alkali basaltic melt source. Chromite compositions from the ultramafic rocks 
are consistent with Alaskan-type or island arc origins. The ultramafic rocks are interpreted to 
represent the residual depleted hazburgitic material from which the alkali basaltic melt was 
extracted via partial melting then undergo fractional crystallisation to produce the mafic felsic 
cumulate rocks. The Fifield intrusive suite is concluded to have been derived from a fertile 
mantle source which was emplaced as a solid but ductile diapir into the wet sediments of the 
Girilambone Group, where the addition of water into the diapir initiated partial melting. The 
cumulate association was then formed by fractional crystallisation. This is concluded to have 
occurred in an extensional setting similar to that associated with post-collisional, extension 
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related alkali volcanism in northern Taiwan. Emplacement of the Fifield intrusive suite is 
interpreted to have occurred during a brief period of regional extension that occurred 
immediately after the accretion of the Macquarie Arc and is coeval with ‘Phase 4’ 
magmatism associated with the alkali ‘shoshonitic’ porphyry mineralisation at Cadia and 
Northparkes. 
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1 Introduction 
1.1 Location 
Fifield is located in the Central West of New South Wales, approximately 400km west of 
Sydney. It is located within the Girilambone Group, which is a part of the Lachlan Orogen 
(Figure 1.1). This study covers an area of approximately 300 km2 and is shown in Figure 
1.2. A belt of ultramafic-mafic plutons comprise what is known as the Fifield Belt intrude 
through the Early to Middle Ordovician Girilambone Group, and extends from Fifield to 
south of Bourke (Suppel & Barron, 1986). Some of these intrusions, primarily those in the 
immediate Fifield area, are known as ‘Alaskan-type’ intrusions due to their similarity to other 
‘Alaskan-type’ intrusions around the world (Suppel & Barron, 1986). This study will focus 
on the three major intrusions in the immediate Fifield area (the Owendale, Tout and Murga 
intrusions) and one minor intrusion further afield (the Murrumbogie intrusion). These were 
chosen because they outcrop and fresh core is available at the W. B. Clarke Geoscience 
Centre core library for sampling and analysis.  
1.2 Brief History of Mining and Platinum Production 
Discovered in 1887, the platinum deposits in the Fifield area were Australia’s largest primary 
platinum producer (Johan et al., 1989; Yates, 1967). Most platinum produced from the area 
since the beginning of mining has been sourced from three main alluvial leads (Figure 1.2 - 
the Fifield Lead, the Gillenbine Tank Lead and the Platina Lead – the latter was the main 
source of produced platinum) and some placer deposits; the source of the mineralisation is 
unknown. Yates (1967) stated that mineralisation was not derived from an ultramafic igneous 
source due to the lack of igneous pebbles and heavy minerals such as magnetite, chromite and 
ilmenite within the leads, instead stating that mineralisation within the Fifield Lead and the 
Gillenbine Tank Lead are most likely sourced from Tertiary conglomerates and the Platina 
Lead is interpreted to be an abandoned southerly drainage channel. Andrew et al., (1995), in 
contrast, state that much of the platinum in placer deposits was sourced mainly from the 
Kelvin Grove Prospect. Between 560 and 650 kg of impure platinum and 320 to 350 kg of 
alluvial gold was produced between 1893 and 1945 with most of the production occurring 
before 1915 (Andrew et al., 1995; Johan et al., 1989; Yates, 1967). Since then, exploration 
has focused on primary platinum mineralisation within the host ultramafic-mafic ‘Alaskan-
type’ intrusions (Johan et al., 1989). 
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Figure 1.1 Extent of the Lachlan Orogen and relevant terranes. Modified from 
Aitchison and Buckman (2012).      – Fifield locality. 
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 Figure 1.2 Detailed geology of the Fifield area, showing the intrusions and the old platinum-bearing 
alluvial leads. Source: NSW Geological Survey 1:250,000 digital geology. 
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1.3 Aims and Objectives 
The aim of this project is to characterise and date a suite of ultramafic-mafic intrusions in the 
Fifield area of Central West NSW. This will be accomplished by breaking the project into 
four achievable objectives;  
1) Standard thin section petrography to  identify major components and mineral phases 
within the igneous rocks and to develop a crystallisation history using petrographical 
techniques, 
2) Whole rock geochemistry to acquire major and minor trace element abundances using 
XRF and ICP-MS for Rare Earth Element (REE) in order to provide insight into 
crystallisation and develop a tectonic history,  
3) Chromite compositions using EDS to determine tectonic setting of formation, and  
4) Zircon geochronology (U-Pb) using the SHRIMP at ANU to establish the age of the 
intrusions. 
 
1.4 Methods 
Fieldwork at Fifield was undertaken in February and April 2014 to obtain samples from the 
few existing occurrences where the intrusions outcrop, including the Tout and Murga 
Intrusions. Core samples from exploration drilling carried out in 1966-67 by Anaconda 
Australia Inc. representative of the Owendale and Tout intrusions were obtained through the 
WB Clarke Geoscience Centre near Windsor. Sample and drill hole locations are shown on 
Figure 2.2. 
Standard petrographical techniques were used to describe polished thin sections to identify 
the main components of the intrusions, to identify major mineral phases of the rock, to 
identify zircons and to develop a crystallisation history. 
Geochemical analysis was undertaken in the form of XRF (for major and trace element 
concentrations), electron microprobe analysis (for the analysis of Cr-spinels) and IC-PMS 
(for the analysis of the Rare Earth Elements and Platinum Group Elements) in order to 
constrain the tectonic setting of formation.  
Cathodoluminescence imaging was used to characterise internal zoning in zircons. U-Pb 
zircon geochronology was undertaken using the sensitive high resolution ion microprobe 
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(SHRIMP) to obtain an age for the intrusions where zircons could be extracted from the more 
evolved phases. Methods used to prepare samples for analysis are detailed in Chapter 3. 
1.5 Previous Work 
A great deal of work has been done on the Lachlan Orogen (for example, Aitchison and 
Buckman (2012), Braun and Pauselli (2004), Fergusson (2003), Foster and Gray (2000), 
Gilligan (1978), Glen (1992), Glen et al., (2009), Gray and Foster (2004), Gray et al., (2002), 
Vandenberg and Stewart (1992) and many more) and the Macquarie Arc (for example, 
Crawford et al., (2007), Fergusson (2009), Glen et al., (2002), Glen et al., (2007a), Glen et 
al., (2007b), and Percival and Glen (2007). However, not a lot has been done on the Fifield 
intrusions due to lack of outcrop resulting in difficulties in obtaining samples and the 
difficulties in dating ultramafic-mafic rocks. Most studies (for example, Yates (1967), 
Andrew et al., (1995), Johan et al., (1989), Slansky et al., (1991) and Suppel and Barron 
1986) have focused on the platinum mineralisation and its origin, due to the economically 
viable platinum deposits in the area. Consequently, there has been little attention given to the 
overall geology and geochemistry of the intrusions themselves.  
The first report focusing on the Fifield intrusive suite (Yates, 1967) is an exploration report 
focusing on platinum group element mineralisation. It details some geology and also provides 
detailed driller’s logs of five drill holes, four in the southern part of the Owendale Intrusion 
and one in the central northern part of the Tout Intrusion. This core is currently held in the W. 
B. Clarke Geoscience Centre at Londonderry (Sydney), from which some of the samples 
collected for analysis in this project are sourced. Glen et al., (2012) studied several hand 
specimens collected from the Tout Intrusion. This gave insight into the petrological and 
geochemical characteristics of the monzonites in the area and is helpful to this present project 
as a guide and a comparison suite. Suppel and Barron (1986) provide a preliminary report as 
to the occurrence of platinum mineralisation within the ultramafic-mafic intrusive complexes 
at Fifield. While there is a small amount of geological information, (Suppel & Barron, 1986) 
primarily focus on results from diamond drilling done by Anaconda Inc. in 1966-67 (as 
detailed by Yates (1967)) in the Owendale Intrusion, the Tout Intrusion and two other minor 
intrusions in the area. Analysis was carried out to detect platinum group elements within the 
core and results were shown to be consistent between the Fifield intrusions and other 
‘Alaskan-type’ intrusions around the world. More information on ‘Alaskan-type’ intrusions 
worldwide can be found in Chapter 2, Section 2.3.2. 
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Further focus was given to the form of platinum and the mechanisms of PGE endowment 
within the intrusions in a two-part study by Johan et al., (1989) (Part 1) and Slansky et al., 
(1991) (Part 2). In Part 1, types of PGE mineralisation are identified, including a new type 
occurring in ‘P-units’; pegmatoidal clinopyroxenites that are biotite and magnetite poor. This 
type of mineralisation sees these ‘P-units’ and associated PGE mineralisation as veins and 
lenses within biotite and magnetite-rich clinopyroxenites. Additionally, major and minor 
platinum group minerals (PGMs) are described (including erlichmanite, isoferroplatinum, 
tetraferroplatinum, and cooperite). From these it is shown that stages and temperature ranges 
for mineralisation are estimated and placement mechanisms for PGMs hypothesised. In Part 
2, PGM associations were observed within nuggets collected from alluvial sources at the site, 
and compared to PGM in ‘P-units’ mentioned above. As PGM analysed from both sources 
proved to have different mineral species and isoferroplatinum chemistry, it is seen that 
alluvial platinum must have a different source to platinum found in ‘P-units’. Again, PGMs 
found in alluvial sources were used to identify temperatures of formation as well as host rock 
composition (from chromites within PGMs) and found to be consistent with other ‘Alaskan-
type’ complexes both in Alaska and the Urals (Slansky et al.,, 1991). 
Geology and platinum occurrences are again discussed by Elliott et al., (1991), who provide a 
detailed overview of the regional geology of the area, the ‘Alaskan-type’ intrusive 
complexes, and associated PGE mineralisation. Focus is given to the Owendale and Tout 
Intrusive Complexes, as they contained significant platinum mineralisation and economic 
potential respectively. Minor focus is given to the Kars and Gilgai Complexes and associated 
mineralisation, but these are not a part of this study. As stated above, Elliott et al., (1991) 
focuses mainly on platinum mineralisation and the economic potential of the intrusive 
complexes, but is useful for an understanding of the geology and petrogenesis of the 
intrusions themselves as well as the origin of PGE mineralisation. 
Andrew et al., (1995) attempt to identify the origins of PGE mineralisation within the 
‘Alaskan-type’ intrusions at Fifield. Some geology is covered, mostly with regard to the 
Owendale and Tout Intrusions (as they were thought to be the source of platinum in the area 
and are also have been well documented as to their composition and chemistry). Oxygen and 
hydrogen isotope data was obtained with the objective to identify the relationship between 
mineralisation and magmatism using temperature data and interactions between external 
fluids and wall rock incorporation into the magma chamber. It was proposed that PGE 
mineralisation evolved from the initial emplacement up to final cooling of the intrusions. 
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The Narromine 1:250 000 Geological Sheet SI/55-3 Explanatory Notes written by Sherwin 
(1996) provide great insight into the geology of the area, encompassing the country rocks of 
the Girilambone Group (age range – Late Cambrian to Late Ordovician). The Fifield 
intrusives are not overly deformed, indicating that they have been emplaced synchronously or 
after the deformation of the Girilambone Group in the Benambran Orogeny. This gives an 
absolute maximum age of Late Ordovician for the intrusions. Based on geological 
relationships their absolute minimum age is Late Ordovician; this will be determined as a part 
of this study using U-Pb zircon geochronology.  
The Fifield intrusive suite is mentioned briefly in Barron et al., (2007), suggesting possible 
sources for the intrusions and what they represent. However, they note that more research is 
required before any solid conclusions can be made. Hypotheses include that the intrusions 
represent feeder pipes for arc volcanoes and that the intrusions were formed in a narrow 
back-arc basin. 
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2 Background 
2.1 Regional Geology 
The Fifield intrusions include a suite of ultramafic-mafic ‘Alaskan-type’ intrusions forming a 
N-S linear belt within the Lachlan Orogen. They intrude the highly deformed quartz-rich 
turbidites of the Girilambone Group which was deformed during the Benambran Orogeny. 
Their emplacement might coincide with the immediate termination of the Benambran 
Orogeny and has been correlated with Phase 4 of the Macquarie Arc magmatism as at Cadia 
(Crawford et al., 2007). The beginning of the Benambran Orogeny coincides with the 
collision and accretion of the Ordovician Macquarie Arc at about the Ordovician-Silurian 
boundary (Glen et al., 2007a). The lack of deformation or pervasive fabric within the Fifield 
intrusive bodies suggest that they are post Benambran in age but no isotopic date for these 
mafic intrusions has been established to date. 
2.1.1  Lachlan Orogen 
The Lachlan Orogen is a composite, orogenic belt of low-grade, low-pressure metamorphic 
rocks composed of Early Cambrian to Late Devonian complexes developed over both 
oceanic/ophiolitic basement and continental crust (Figure 1.1) (Scheibner, 1996). It is a part 
of the Tasman Orogen which is part of a much longer orogenic system that developed along 
the Pacific margin of Gondwanaland during the Palaeozoic (Braun & Pauselli, 2004). The 
Lachlan Orogen extends from eastern Tasmania through a large part of central and eastern 
Victoria as well as a major part of New South Wales. It disappears beneath the cover of 
younger sedimentary basins (the Great Artesian Basin in northwest New South Wales and 
western Queensland, the Murray Darling Basin in southwest New South Wales and the 
Sydney Basin on the east coast of New South Wales) (Scheibner, 1996). It is dominated by 
greenschist-facies metamorphism with minor high-grade metamorphic zones (Wagga-Omeo 
Zone, Cooma Complex; Collins and Vernon, 1992). 
Models of tectonic evolution of the Lachlan Orogen have been dominated by those involving 
the opening and closing of a back-arc basin adjacent to Gondwana above a series of 
continuously west-dipping subduction zones in an “accordion type” manner (Cawood, 2009; 
Collins, 2002). There are hypotheses put forward for a single subduction zone model (Braun 
and Pauselli, 2004), which contrast with other models involving three different subduction 
zones (Fergusson, 2003). Braun and Pauselli (2004) use numerical models to suggest that the 
structural and metamorphic complexities of the Lachlan Orogen can be explained by 
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subduction across a single mantle structure. However, Aitchison and Buckman (2012) argue 
that tectonic elements such as the Macquarie Arc are distinctly intra-oceanic and arc coeval 
but never interbedded with the surrounding quartz turbidites of the Adaminaby Group and 
therefore represent an exotic, island arc terrane that was accreted onto Gondwana and 
responsible for the Ordovician-Silurian Benambran Orogeny.  
2.1.2 Adaminaby Group 
The Adaminaby Group is located in the south-east of the Lachlan Orogen (Figure 1.1). It 
consists of slightly deformed quartz-rich turbidites, sandstone, mudstone, greywacke, chert, 
quartzite, phyllite and slate interbedded with black shale. Foliation is common within the 
chert beds (Geoscience Australia, 1991; White & Lennox, 2010). The Adaminaby Group is 
Late Cambrian to Early Ordovician in age, based on conodont biostratigraphy from the more 
siliceous units (Percival et al., 2011). There are two periods of deformation within the 
Adaminaby Group. The first is Benambran, with isoclinal folding leading to mesoscopic folds 
and the development of a north-south striking, steeply dipping axial-planar cleavage. The 
second is Bowning-Bindian or Tabberabberan, with the development of crenulation cleavage 
striking north-northeast and is axial planar to mesoscopic open folds.  
2.1.3 Girilambone Group 
The Girilambone Group is a highly deformed and metamorphosed sequence of quartz-rich 
turbidites that underlie a significant portion of central northern New South Wales (Crawford 
et al., 2007; Fergusson et al., 2005; Glen et al., 2007a; Sherwin, 1996). It consists of 
quartzose and quartz-lithic sandstone, pelite, chert, quartzite, minor basaltic and calcsilicate 
amphibolites, with minor bedded chert and mafic igneous rocks (Fergusson et al., 2005; 
Geoscience Australia, 1988; Johan et al., 1989). Tectonically, the Girilambone Group lies in 
the Girilambone Zone and is almost certainly part of the Early to Middle Ordovician turbidite 
fan(s) in the Lachlan Orogen (Figure 1.1; Fergusson et al., 2005). 
 Conodont ages place the Girilambone Group in the Middle to Late Ordovician with detrital 
zircons from the east yielding an age of 600 – 500 Ma (Fergusson et al., 2005). Timing of 
deformation is attributed to the Benambran Orogeny as muscovite 40Ar/39Ar ages from the 
Girilambone and Tottenham regions yielded ages of 435 Ma, consistent with deformation 
(Fergusson et al., 2005).  
Fergusson (2005) infers that the Girilambone Group is derived from the metamorphism of 
Ordovician quartz-rich turbidite successions widespread through the Lachlan Orogen. 
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Deposition as part of the giant Ordovician turbidite fan(s) of the Lachlan Orogen in a 
marginal sea, followed by disruption by intra-fold belt subduction zones. A subduction zone 
is inferred west of the Late Ordovician Molong island arc with the growth of a NE-SW 
trending subduction complex in the Girilambone Zone, followed by the formation of the 
Wagga-Omeo Zone in the latest Ordovician and the Tabberabbera Zone in the Early Silurian.  
The Girilambone and Adaminaby Groups have been interpreted to have been deposited as 
deep marine turbidites in an extensional back arc setting by White and Lennox (2010). In an 
alternative view, Aitchison and Buckman (2012) interpret the Girilambone and Adaminaby 
Groups as a passive margin sequence developed immediately offshore of Gondwana, hence 
the quartz-rich composition. 
2.1.4  The Macquarie Arc  
Tectonic Evolution 
The Macquarie Arc consists of three major volcanic belts; the Goonumbla-Trangie (formerly 
the Junee-Narromine), Molong and Rockley-Gulgong Volcanic Belts (Crawford et al., 2007; 
Fergusson, 2009). There are two central hypotheses for the evolution of the Macquarie Arc. 
The first is detailed by Glen et al., (2007b) and Crawford et al., (2007), which recognises a 
four-phase evolution of the Macquarie Arc. The second, shown in Fergusson (2009), supports 
this four-phase evolution and also puts forward arguments for a reversal of subduction 
polarity and a rotation of the arc to explain the tectonic evolution of the Macquarie Arc. 
Phase 1 represents the first igneous activity recorded for the Macquarie Arc (Glen et al., 
2007b). This occurred during the Early Ordovician and consisted of extensive volcanic 
activity as represented by the Lower Ordovician sections of the Goonumbla-Trangie, Molong 
and Rockley-Gulgong Volcanic Belts (Glen et al., 2007b). Phase 2 magmatism commenced 
during the Middle Ordovician and consisted of high-K calc-alkaline magmatism represented 
by both volcanic and intrusive rocks, seemingly restricted to the west of the Goonumbla-
Trangie and Molong Volcanic Belts (Crawford et al., 2007). Phase 3 is represented by 
widespread medium-K dacites and granodiorites represented in all three volcanic belts as the 
Copper Hill Suite. This was accompanied by a period of regional uplift and erosion and 
deposition of limestone (Crawford et al., 2007). Phase 4 consists of shoshonitic volcanics in 
all three volcanic belts and is associated with Early Silurian magmatism (Crawford et al., 
2007). The Macquarie Arc is typically seen to have had a north-south orientation associated 
with a west-dipping subduction zone. However, Fergusson (2009) identifies several issues 
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with this theory, arising from the complicated relationship of the Ordovician quartz-turbidite 
successions (mega-fan) to the Macquarie Arc. An anti-clockwise rotation of an east-trending 
Arc with a subduction zone to the west during the Early to Middle Ordovician is employed to 
explain the reasons behind the modern location of the mega-fan in relation to the present 
positions of the remnants of the Macquarie Arc (Fergusson, 2009).  
2.1.5 Benambran Orogeny  
The Benambran Orogeny was a period of extensive deformation during the Late Ordovician 
to Early Silurian (Glen et al., 2007a). It has two main components: 1) Formation of the 
Girilambone and Wagga-Omeo Zones, interpreted by Fergusson (2009) as a subduction 
complex located to the west of the Macquarie Arc, occurring at approximately 443 Ma and 
involving exhumation and deformation (Glen et al., 2007a); and 2) a major contractional 
event that occurred in the Early Silurian (approximately 430 Ma) that affected a wider area 
and involved exhumation and deformation of the Macquarie Arc and coeval quartz-rich 
turbidites and black shales of the Adaminaby superterrane, with syn- and post-tectonic 
emplacement of I- and S-type granites (Fergusson, 2009; Glen et al., 2007a; Ickert & 
Williams, 2011). These two phases were separated by a period of relaxation and extension 
(Glen et al., 2007a). In both phases, deformation of the Adaminaby superterrane was more 
intense than that of the arc rocks (Glen et al., 2007a). An alternative hypothesis is put 
forward by Aitchison and Buckman (2012), suggesting that the Benambran Orogeny was 
initiated when the Adaminaby and Girilambone Groups, representing a passive continental 
margin, were overridden by the allochthonous Macquarie Arc. Difficulty arises in 
determining exactly when the Benambran Orogeny started and ended. 
2.2 Local Geology 
2.2.1 Fifield and the Fifield Belt 
The Fifield Belt is comprised of several small plutons that intrude into the Middle to Late 
Ordovician Girilambone Group (Crawford et al., 2007; Elliott et al., 1991). The Belt trends 
north-south within a well-defined region of magnetic highs called the Parkes Terrace (Figure 
2.1; Suppel and Barron, 1986). These complexes display zoning, are steeply inclined and 
elongated in shape (Andrew et al., 1995). They are anomalously magnetic as compared to the 
surrounding Girilambone Group (Elliot et al., 1991). Poor exposure of the intrusions makes 
identifying geological relationships within the intrusions and with adjacent rocks difficult.  
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It is thought that the intrusions represent conduits for subduction-related volcanism (Elliott et 
al., 1991; Johan et al., 1989). The intrusions have also been previously identified to be mid-
crustal chambers which have possibly sourced shoshonitic volcanic rocks similar to those in 
the Orange area, and likely to be of a similar composition to the Nash Hill Volcanics, which 
outcrop east-southeast of Parkes (approximately 50 km east of Fifield) (Andrew et al., 1995; 
Barron et al., 2007). Yates (1967) suggested that the Fifield intrusions were formed by 
fractional melting at a high level in the crust with a monzonitic association intruded first, then 
a hornblende-pyroxenite association, then a peridotite association last. Crawford et al., (2007) 
interpreted the Fifield intrusive suite as being a product of Early Silurian post-collisional 
magmatism and unrelated to the magmatic evolution of the Macquarie Arc. On the other 
hand, Fergusson (2009) suggested that the Fifield suite was formed in conjunction with the 
Wagga-Omeo Zone granitic plutons when the volcanic arc moved westward, associated with 
the first component of the Benambran Orogeny. 
The Fifield Intrusive Complex is interpreted to represent lower crustal Ordovician mafic 
intrusions of the Macquarie Arc by Meffre et al., (2007). However, the intrusions occur 
within the Girilambone Anticlinorial Zone and are not directly associated with the Macquarie 
Arc volcanics although similar shoshonites have been recorded at Cadia (Hough et al., 2007). 
The first published Narromine 1:250 000 geological sheet (Austral Cartographic Service 
Canberra ACT, 1972) label the intrusions as an Early Devonian complex, possibly associated 
with the Late Silurian to Early Devonian intrusion of I- and S-type granites throughout the 
Lachlan Orogen (Ickert & Williams, 2011).  
According to the hypothesis put forward by Aitchison and Buckman (2012), the Fifield 
Intrusive Complex (which clearly intrudes into the Girilambone Group) represents post-
collisional magmatism, similar to that seen in the Northern Taiwan Volcanic Zone (Wang et 
al., 1999). Accurate dating of the Fifield Complex will help to resolve whether the Fifield 
Complex formed as a part of the Macquarie Arc or by post-collisional magmatism. However, 
the very fact that the intrusions are undeformed and intrude into highly deformed turbidites of 
the Girilambone Group indicates they have not experienced the intense and widespread 
deformation associated with the Benambran Orogeny and therefore should be post-
Benambran.  
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2.3 ‘Alaskan-type’ Intrusions 
2.3.1 Geology and Characteristics 
‘Alaskan-type’ complexes (also known as ankaramite) are an unusual type of ultramafic-
mafic rock assemblage that is usually found in arc systems or as intrusions into continental 
rock units (Eyuboglu et al., 2010). These complexes are thought to be cumulate rocks 
typically formed through fractional crystallisation of basaltic magma above subduction zones 
(Su et al., 2011; Tian et al., 2011). Characteristic features of the complexes are outlined 
below. 
Lithology 
‘Alaskan-type’ complexes are composed of clinopyroxenite, olivine clino-pyroxenite, 
hornblendite, hornblende clinopyroxenite, magnetite and biotite clinopyroxenite, hornblende 
gabbro, wehrlite and dunite, and are typically concentrically zoned (Elliott et al., 1991; Su et 
al., 2011). Contacts in the mafic sections of the intrusions are usually gradational, whereas 
ultramafic contacts can be quite well defined (Su et al., 2011).  
Geochemistry 
Characteristic mineral chemistry of Alaskan type complexes includes forsterite (typically 92-
97% of olivines), diopside clinopyroxene, Fe-rich chromite and calcic hornblende with 
varying compositions (Su et al., 2011). Rock chemistry is characterised by low 
concentrations of incompatible elements and REEs, low high-field strength elements 
(HSFEs) and high light ion lithophile elements (LILEs) (Himmelberg & Loney, 1995; Su et 
al., 2011). The magnesium numbers and chromium numbers of chromites found within 
ultramafic material can be used to identify ‘Alaskan-type’ intrusions, as these intrusions 
characteristically have low Mg numbers and high Cr numbers, leading to the conclusion that 
magnesium and chromium content can be used in identifying these intrusions (Eyuboglu et 
al., 2010; Su et al., 2011). Chromites also have low TiO2 and Al2O3 contents (Su et al., 
2011). Isotopic ratios are also a useful analysis tool, for example 143Nd/144Nd ratios are 
typically low for ultramafic-mafic cumulate rocks while 87Sr/86Sr ratios are high. Comparing 
207Pb/204Pb and 208Pb/204Pb ratios to 206Pb/204Pb can give an indication of the U/Th ratio 
within the rock and give indications to a relative age (Eyuboglu et al., 2010). 
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2.3.2 ‘Alaskan-type’ Intrusions Worldwide 
‘Alaskan-type’ intrusions are named after their type examples located in south-eastern 
Alaska. There have been several investigations published on these intrusions (e.g. Taylor and 
Noble (1960, 1969); Himmelberg and Loney (1995); Himmelberg, Loney and Craig (1986); 
Ruckmick and Noble (1959); Irvine (1963, 1967, 1974)) and from these investigations a 
number of other intrusions have been identified around the world (e.g. Eyuboglu et al., 
(2010), Su et al., (2011), Tian et al., (2011), Findlay (1969)). Some of these are described 
below. In no terms do the following examples form a comprehensive list of all ‘Alaskan-
type’ intrusions discovered worldwide. The following serve to provide a short summary of 
the typical characteristics and localities in which these intrusions are found. 
Himmelberg and Loney (1995) describe the characteristics and petrogenesis of a belt of 
‘Alaskan-type’ intrusions from Duke Island to Klukwan in southeastern Alaska. 
Mineralogical and textural relationships and chemical characteristics were used to 
characterise the intrusion and put forward a hypothesis as to their petrogenesis. The intrusions 
are separated into two age groups; from 400 to 440 Ma and 100 to 118 Ma. The intrusions are 
not uniform in size and shape. The smallest are sills only a few metres thick while the largest 
are approximately 10 km in diameter. The larger intrusions display concentric zoning, while 
the smaller, sill-like ones do not. This suggests that the smaller intrusions may have emplaced 
within small, shallow magma chambers, sills and sub-volcanic feeder pipes with a faster 
cooling rate. Parental magma for the majority of these intrusions is debated, but it is 
interpreted to have been a subalkaline hydrous basaltic melt, consistent with the forsteritic 
olivine of the dunites and wehrlites. Chemical characteristics and mineralogical and textural 
relationships indicate that the intrusions were formed from basaltic magma, via crystal 
fractionation and mineral concentration. Mineral chemistry indicates that crystallisation 
occurred in magma chambers at 3 to 9 km depth.  
Eyuboglu et al., (2010) discuss the structure and geochemistry of the Karayasmak ultramafic-
mafic intrusion located in north-east Turkey. This is an anomalous ‘Alaskan-type’ intrusion 
in that it displays reverse zoning, with peridotites on the outer margins and gabbroics in the 
centre. They describe it as an elliptical intrusive body displaying five major intrusive 
sequences. Phase 1 is the earliest cumulate formation in the intrusion and consists of 
peridotites (dunite, wehrlite, some olivine and plagioclase-lherzolite), melagabbronite, 
banded gabbro, and anorthosite. Phase 2 consists of gabbo-pegmatite dykes along the eastern 
and western boundaries of the intrusion and comprise clinopyroxene, plagioclase, olivine and 
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minor hornblende and orthopyroxene. Phase 3 consists of layered gabbro occurring as an 
isolated intrusion in the central portion of the body. Phase 4 consists of olivine gabbronite 
consisting of plagioclase, clinopyroxene, olivine, hornblende and minor phogopite. Phase 5 is 
the latest stage and consists of non-cumulate hornblende-rich microgabbroic and gabbroic 
dykes and clinopyroxene rich microgabbroic stocks. Qualitative determinations of pressure 
conditions from stability limits of plagioclase and hornblende indicate that the intrusion 
formed in a magma chamber at relatively shallow crustal levels. Multi-phase intrusions of 
increasingly felsic magma produced a concentrically zoned ‘Alaskan-type’ intrusion. Rocks 
from all phases display similar geochemical features indicating a common basaltic magma 
source and petrogenetic evolution. The melt source was a subcontinental lithospheric mantle 
metasomatised during the subduction of Palaeotethyan oceanic lithosphere. This event was 
associated with a regional rifting event. 
Su et al., (2011) make inferences from petrological and geochemical (mineralogical) studies 
into the petrogenesis and tectonic significance into the Xiadong ultramafic-mafic ‘Alaskan-
type’ intrusion in the Middle Tianshan Massif, located within the Central Asian Orogenic 
Belt. This intrusion is described as being composed of dunite, hornblende, clinopyroxenite, 
hornblendite and hornblende gabbro with little orthopyroxene. Olivines are chemically 
homogenous in individual samples and are only seen within the dunites of the complex, with 
very high forsterite content. Spinels range in composition from Fe-chromite to Cr-magnetite 
and rare Al-spinel grains. Clinopyroxenes have high CaO concentrations and are all 
suboordinate to diopside. They also display variable SiO2 concentrations (~50-56wt.%), low 
to intermediate amounts of TiO2, Al2O3, FeO, and Na2O, and all have high Mg#. These are 
typical chemical characteristics for ‘Alaskan-type’ intrusions. The orthopyroxene is enstatite 
and has a high Mg#, high concentrations of SiO2 (~58wt.%)  and MgO (~37wt.%) and low 
Al2O3, FeO and CaO. Amphiboles in the hornblendites are pargasite, magnesio-hornblende, 
and tremolite, as magnesio-hornblende in hornblende gabbros, and as actinolites in gabbroic 
diorites. They have wide variations in SiO2, Al2O3, FeO and Na2O content. All hornblendes 
show negative correlations between Si and Na+K, which is typical of ‘Alaskan-type’ 
complexes (Su et al, 2011; Figure 9B, pp. 262). Plagioclase is rare, occurring only in some 
hornblendites and hornblende gabbros commonly altered to zoisite. Plagioclase is strongly 
altered and enriched in Ca. Ilmenites are present in hornblendites and hornblende gabbros. 
Titanites are homogenous in composition. These petrographical and mineralogical analyses 
of the Xiadong mafic-ultramafic intrusion have revealed a mineral chemistry that is identical 
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to other ‘Alaskan-type’ complexes around the world, as well as very similar petrological and 
mineralogical characteristics. Rock unit relationships, modal compositions of minerals and 
chemical composition variation indicate a multi-stage emplacement mechanism accompanied 
by reaction with country rock. This implies that the Middle Tianshan Massif with 
Precambrian basement was most likely a continental arc. This also supports the hypothesis 
that the subduction of the Palaeozoic Junggar Ocean occurred in a southerly direction 
(Eyuboglu et al., 2010). 
Ishiwatari and Ichiyama (2004) describe ‘Alaskan-type’ intrusions in East Russia and 
northeast China and their relationships to ultramafic lavas (including meimechites and 
picrites) in Russia, China and Japan. The two ‘Alaskan-type’ intrusions located in Russia are 
the Ariadnoe and Koksharovka intrusions. The Ariadnoe intrusion is composed of dunite, 
wehrlite, clinopyroxenite and ilmentite gabbro, intruding into Jurassic accretionary 
complexes over 1000km long. Contact metamorphism produced biotite-quartz hornfels at the 
contact. K-Ar ages for the biotite hornfel were obtained at 155 Ma and the dunite at 159 Ma. 
The Koksharovka intrusion also intrudes Jurrassic accretionary complexes. It is composed of 
kaersutite-biotite pyroxenite in the centre rimmed by fine grained clinopyroxenite. In several 
places there are smaller bodies composed of clinopyroxenite, nepheline clinopyroxenite, 
perovskite pyroxenite, nepheline syenite, orthoclase syenite, orthoclase rich granite and 
carbonitites. K-Ar ages for the biotite hornfel and dunite range from 145-160 Ma. 
The ‘Alaskan-type’ intrusion located in China is the Dongfanghong complex. The 
Dongfanghong complex is composed of dunite, wehrlite, olivine clinopyroxenite, 
clinopyroxenite and gabbro. Hornblende gabbro, olivine gabbro, anorthosite and diorite are 
associated with the gabbro. Mg numbers for the dunite and wehrlite were high, averaging 83. 
Geological studies (Miyake, 1985) carried out in Japan revealed the presence of near-trench 
mid-ocean ridge basalt (MORB)-like magmatism in subduction zones, possibly related to the 
subduction of an oceanic complex. The ultramafic magmatism represented by the lavas, the 
short time interval between the ceasing of magmatism and accretionary processes and the 
presence of ‘oceanic meimechites’ along accretionary boundaries in Japan are indicative of 
multiple super-plume events within or very near to subduction zones in which these 
‘Alaskan-type’ intrusions may have been emplaced. 
Tian et al., (2011) describe the petrology and geochemistry of dunites, chromitites and 
mineral inclusions from the Gaositai ‘Alaskan-type’ complex, located in the North China 
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Craton. The Gaositai complex is concentrically zoned with dunite, wehrlite, clinopyroxenite 
and hornblendite. Olivine, clinopyroxene and hornblende are common while orthopyroxene 
and plagioclase are rarer. There is a continuous decrease of Mg number towards the rim of 
the intrusion. Petrological and geochemical studies were undertaken on the dunites, 
chromitite and clinopyroxene inclusions within chromitites. Whole rock Re-Os isotopes were 
also obtained for the core of the complex with the aim of determining the chemical 
characteristics of the parental magma. This data was also used to determine the petrogenetic 
relationship (if any) between ‘Alaskan-type’ intrusions and subduction environments. From 
this data it was found that the Gaositai complex most likely originated from a parental 
magma that is characterised by a high Mg number, high CaO, low Al2O3, and is depleted in 
Nb and Ti (relative to La). Therefore, the parental magma has been interpreted as a typical 
arc-related ankaramite sourced from above a subduction zone. 
Krause et al., (2011) examined the chemical compositions of spinels from Uralian-’Alaskan-
type’ mafic-ultramafic complexes in the Ural Mountains, Russia and considered the 
petrogenetic significance of the spinels. Dunites have spinel compositions with Cr2O3 content 
of 20 wt. % to 53 wt. %. A shift in this towards Fe2O3 rich indicates clinopyroxene 
fractionation in wehrlite. Decreasing Cr2O3 and increasing FeO and Fe2O3 indicate a move 
towards more felsic rock. Feldspar crystallisation is indicated by very low Cr2O3 contents at < 
5 wt. %. This process is likely caused by an increase in oxygen fugacity, which in turn 
suggests a closed system. A number of spinel from a range of host rock lithologies from 
complexes 200 km apart follow one distinct solvus line defining a temperature of formation 
of ~600°C. This indicates that parental magma for the Uralian-’Alaskan-type’ complexes 
were emplaced and cooled at similar levels in the upper lithosphere. A regional tectonic event 
would have then transported the hot bodies into the upper crust. 
2.3.3 Fifield Intrusive Suite 
Within the Girilambone Anticlinorial Zone of the Lachlan Orogen there are a small number 
of igneous intrusions with a distinctive magnetic signature (Figure 2.1). On the Narromine 
1:2500 000 Geological Sheet (Sherwin & Healy, 1997) the intrusions are portrayed as 
intruding into the Middle-Late Ordovician Girilambone Group, composed of phyllite, schist, 
siltstone, silty sandstone, dolomite, andesite, conglomerate and shale containing limestone 
lenses, which are covered by alluvial deposits. Smaller scale maps are not available to the 
author at the time of writing. The intrusions themselves are recorded as lower middle 
Devonian in age, and composed of hornblende melasyenite, hornblende meladiorite, quartz 
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hornblende monzonite, pyroxene monzonite, quartz diorite, magnetite pyroxenite and 
hornblende pyroxenite (Sherwin & Healy, 1997). There is no geological map data available 
for the Owendale Complex as it does not outcrop at the detail level of 1:250,000 scale 
mapping, however it is the most well-known of the Fifield intrusions through the use of 
magnetic surveys and exploratory drilling. This intrusion was used as the basis for 
classification for other complexes within the Belt (Elliott et al., 1991). Other recognised 
‘Alaskan-type’ complexes within the Fifield Belt include the Tout, Murga, Kars, 
Murrumbogie, Avondale, Tresylva, Hylea, Bulbodney Creek, Honeybugle and Gilgai 
Complexes (Figure 2.1; Elliott et al., 1991). The complexes that will form the main part of 
this study will be the Owendale, Tout and Murga Complexes as shown in Figure 2.2. The 
Murrumbogie Complex to the south will also form part of this study (Figure 2.3). 
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Figure 2.1 Magnetic intensity map of the ultramafic-mafic intrusions within the 
Fifield Belt. Legend shows colour coding for high to low magnetic intensity. The 
Parkes Terreace is seen as a long magnetic high to the east side of the map. Intrusions 
are numbered 1 to 17 as follows: 1) Murrumbogie intrusive complex. 2) Murga 
intrusive complex. 3) Tout intrusive complex. 4) Owendale intrusive complex. 5) 
Looney intrusive complex. 6) Tresylva intrusive complex. 7) Tullamore intrusive 
complex. 8) Hylea intrusive complex. 9) Serpentinites at Widgelands, Yathella-
Homeville and Collerina Hall. 10) Honeybugle intrusive complex. 11) Serpentinites at 
Miandetta. 12) Serpentinised clinopyroxenite. 13) Diorite. 14) Pyroxenite-biotite 
diorite. 15) Gabbro. 16) Gabbro and serpentinite. 17) Serpentinite at Doradilla. After 
Suppel & Barron (1986). 
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Figure 2.2 Detailed geology of the Owendale, Tout and Murga Intrusive Complexes showing 
the sampling locations and drillhole sites. Ordovician and Quaternary geological data from 
Sherwin (1997). 
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Figure 2.3 Detailed geology of the Murrumbogie Intrusive Complex, showing the locations of the 
sampling sites. For legend see Figure 2.2. Ordovician and Quaternary geological data from Sherwin 
(1997). 
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Owendale Intrusion 
The Owendale Intrusion, also known as the Kelvin Grove Intrusion, is roughly circular in 
shape. It can be divided into 3 different domains; one of biotite diorite, one of hornblendite, 
pyroxenite and diorite, and one of serpentinite (Suppel & Barron, 1986). It is from this 
intrusion that the majority of platinum mineralisation is thought to be sourced (Andrew et al., 
1995). There is minimal outcrop and its extent and composition has been determined from 
aeromagnetic surveys and drilling (Elliott et al., 1991; Yates, 1967). 
Tout Intrusion 
Most of the outcrop found at Fifield belongs to the Tout Intrusion (previously known as the 
Flemington Intrusion), with a representation of most of the lithologies in the area (Elliott et 
al., 1991).Even so, < 1% of the intrusion is actually exposed (Andrew et al., 1995). It is 
elongated in a WNW direction and can be divided into six different igneous series; 1) 
hornblende quartz monzonite, 2) hornblende melamonzonite-meladiorite, 3) hornblende 
pyroxenite, 4) clinopyroxene quartz monzonite-diorite, 5) pyroxenite-gabbro, and 6) dunite 
(Elliott et al., 1991).  
Murga Intrusion 
The Murga Intrusion (formerly known as the Wanda Bye intrusion) is composed of 
meladiorite and quartz diorite in the centre, with an outer zone of augite hornblendite grading 
outwards to hornblende pyroxenite (Suppel & Barron, 1986). This intrusion is relatively 
small and there is little outcrop. It is a lenticular body approximately 4 km long and 1.6 km 
wide (Yates, 1967). 
Murrumbogie Intrusion 
The Murrumbogie intrusion is composed of three rock types; hornblendite, pyroxenite and 
hornblende diorite (Austral Cartographic Service Canberra ACT, 1972; Elliott et al., 1991; 
Suppel & Barron, 1986). It is thought to be the remnant of a dioritic stock and has a length of 
approximately 1km (Emerson et al., 1979). 
2.4 Platinum Group Element Mineralisation associated with the Fifield Intrusions 
PGE mineralisation within the Fifield intrusions has been separated into three distinct 
categories; 1) PGE mineralisation associated with chromitites within dunite cores, 2) 
Accessory Pt-Fe alloys contained within the ultramafic rocks and 3) mineralisation of PGEs 
in relation to clinopyroxenes rich in magnesium surrounding the core (Thakurta et al., 2008). 
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Both placer and residual Pt mineralisation related to lateritic dunite has been documented at 
Fifield, occurring in ‘P-units’ (Johan et al., 1989). Primary mineralisation occurs in 
pyroxenites and peridotites in the Owendale Intrusion (Kelvin Grove Prospect) and the Tout 
Intrusion (Andrew et al., 1995). Andrew et al., (1995) analysed oxygen and hydrogen 
isotopes for mineral separates from host rocks, P-units and selvedges and low temperature 
alteration assemblages from the Owendale and Tout intrusions to constrain the relationship of 
mineralisation to magmatism. The isotopes are able to indicate temperatures and extent and 
timing of interaction with externally derived fluids and the incorporation of wall rocks. 
Oxygen isotopes are particularly sensitive to the introduction of external fluids into both 
granitic and gabbroic magmas. PGE evolution appears to be linked to discrete pegmatitic 
pyroxenite veining, implying that mineralisation is sourced from late stage magmatic and 
hydrothermal veins from other mafic-ultramafic intrusions (Andrew et al., 1995).  
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3 Methods 
A number of methods were employed to collect and prepare samples for visual, XRF, ICPMS 
and SHRIMP analysis. These methods are detailed below. 
3.1 Sampling 
The collection of rock samples was undertaken at the field locality and at the W. B. Clarke 
Geoscience Centre near Windsor. Outcrop for field sampling was located with the aid of a 
GPS and the Narromine 1:250,000 Geological Sheet (1st edition). Potential field samples 
were visually inspected to ensure collection of the correct lithologies before being broken 
into smaller pieces to facilitate ease of collection. Correct labelling and recording procedures 
were followed with the labelling of samples and recording of field characteristics including 
GPS co-ordinates, brief description of the sample and potential uses. Core library sampling 
followed procedure standard to the W. B. Clarke Geoscience Centre. Samples were collected 
from five drill core (hole names FKD1-4 (Owendale) and FFD1 (Tout); DIGS reports 
EL0032; GS reports GS1966/127, M66/5790 (2014a, b)). Table 2.1 summarises collection 
points and geographic co-ordinates for each sample collected. Hand specimen photos can be 
seen in Chapter 4 and in Appendix A. 
3.2 Petrography 
Rock samples were broken into ~10cm pieces using a sledgehammer before fining down with 
the use of a diamond saw into blocks approximately 3cmx2cmx0.5cm. The blocks were then 
glued onto a glass slide and trimmed down before sanding and polishing to 30um thick. 
Visual analysis of the slides was undertaken to ensure correct thickness before the final 
polish. Petrographical analysis using transmitted and reflected light was then able to be 
carried out.  
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Sample Rock Type Source Geographic Co-ordinates 
MU01 Hornblende gabbro with 
pegmatitic quartz veins. 
Outcrop -32.8485, 147.4781 
MU05 Hornblende gabbro Outcrop -32.8096, 147.4373 
MU06 Melagabbro Outcrop -32.8139, 147.4449 
MU07 Hornblende gabbro Outcrop -32.8139, 147.4465 
MU08 Hornblende gabbro Outcrop -32.8154, 147.4495 
MU09 Hornblende gabbro Outcrop -32.7959, 147.41995 
TT1 Monzonite Outcrop -32.7483, 147.3818 
TT2 Hornblende gabbro Outcrop -32.7626, 147.4430 
TT01 Pegmatitic monzodiorite 
containing K-feldspar 
Outcrop -32.7222, 147.2919 
TT02 Monzodiorite Outcrop -32.7466, 147.3833 
TT04 Monzonite Outcrop -32.7382, 147.3020 
TT05 Hornblende monzonite Outcrop -32.7314, 147.2994 
TT06 Monzonite Outcrop -32.7398, 147.3502 
SY02 Syenitic monzonite Outcrop -32.7483, 147.3812 
MB01 Hornblende gabbro Outcrop -32.9812, 147.3570 
MB02 Hornblende gabbro Outcrop -32.9808, 147.3564 
MB03 Hornblende gabbro Outcrop -32.9811, 147.3569 
KG1.1-1.2 Biotite-magnetite-pyroxenite Core (FKD1) -32.7244, 147.4517 
KG2.1-2.5 Meladiorite to hornblendite to 
pyroxenite going down hole 
Core (FKD2) -32.7253, 147.4511 
KG3.1-3.5 Serpentinite Core (FKD3) -32.7223, 147.4678 
KG4.1-4.5 Serpentinite Core (FKD4) -32.7254, 147.4672 
FFD1-2 Pyroxenite Core (FFD1) -32.7491, 147.3988 
 
Table 3.1 List of samples collected and geographic co-ordinates. 
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3.3 Geochemistry 
Approximately 100g of sample was crushed using a TEMA tungsten-carbide ball mill into a 
fine powder. This powder was then used for major, trace and REE analysis. 
3.3.2 Major Elements 
Approximately 5g of sample powder was combined with a flux to facilitate melting in 
platinum crucibles and heated slowly (at a rate of approximately 70 degrees/minute) until the 
temperature reached 970 degrees and the sample was fully melted. Molten samples were 
poured onto a clean graphite disk and pressed into glass disks using an aluminium plunger. 
The disks were then left on a hot plate at approximately 240 degrees for 2 hours before 
cooling completely overnight. XRF analysis was then able to be performed for major element 
concentrations for each sample.  
3.3.3 Trace Elements 
Between 5 and 5.5 grams of sample powder was mixed with approximately 7ml of dilute 
polyvinyl alcohol solution in a clean paper cup and then compressed in an aluminium cup 
under approximately 200 bar of pressure. The resulting pellets were then dried in a 70 degree 
oven overnight, weighed (taking into account the weight of the aluminium cup) and analysed. 
Loss on ignition (LOI) was measured and taken into account when compiling the results.  
3.3.4 Rare Earth Elements 
Approximately 20g of powdered sample was sent to Australian Laboratory Services Pty. Ltd. 
in Brisbane for analysis by Inductively Coupled Plasma Mass Spectrometry (ICPMS). 
Samples were prepared for ICPMS using lithium borate fusion, where the sample is added to 
a lithium metaborate/lithium tetraborate flux, combined and fused in a furnace. The melt is 
then cooled and dissolved in a mixture containing nitric acid, hydrochloric acid and 
hydrofluoric acid. The resulting solution can them be analysed by ICPMS. 
3.4 Geochronology 
The process for extracting and preparing zircons for U-Pb geochronology is as follows. The 
extraction process took approximately a month to complete and consists of the following 
steps: 
1. Sample is broken up into chunks less than or equal to 3 cm.  
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2. Fractions smaller than 3cm are sieved out and discarded due to a higher 
contamination risk from crushing. Fractions larger than this are washed and dried in 
preparation for the remainder of the extraction process.  
3. The large fraction is crushed for 10 to 15 seconds in a tungsten-carbide ball mill and 
the very fine fraction is flushed out with water. The remaining material is dried in an 
oven at approximately 60 degrees Celsius to be used for the remainder of the 
extraction process. 
4. The remaining fraction is separated into light and heavy fractions using 
tetrabromoethane liquid with a density of 2.96. 
5. The heavy fraction is run through a Frantz (a magnetic separator) into a magnetic 
fraction and a non-magnetic fraction, adjusting voltage and charge as needed. 
6. The non-magnetic fraction is separated into light and heavy fractions using methylene 
iodide liquid with a density of 3.3. 
7. Resulting heavy fraction is dried and checked visually under a microscope for the 
presence of zircons. If necessary steps 5 to 7 are repeated. 
Zircons are then hand-picked from the final fraction and mounted in epoxy resin to form a 
stub. This stub is then sanded using 800 grit wet and dry sandpaper to expose the surface of 
the grains before approximately 12 minutes polishing using a 1µm diamond paste on a nylon 
lap. Visual analysis every two minutes of polishing was carried out until a largely scratch-
free surface was achieved. 
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4 Petrography 
4.1 Introduction 
Petrography is an essential first step in identifying mineral assemblages and textures in a rock 
sample, which can lead to the development of a relative chronology of mineral crystallisation 
in igneous rocks. Twenty-six samples were examined in polished thin section under a Leica 
DM2500 petrographical microscope and images were obtained using a Leica DFC2500 
mounted camera. 15 of these samples were collected in the field and the remaining 11 from 
core (FKD1-4 and FFD1) obtained from the W. B. Clarke Geoscience Centre Core Library. 
See Table 4.1 for a list of these samples with GPS coordinates and a brief description. See 
Figure 2.2 and 2.3 for field sampling and drill core locations. This chapter details the 
petrographic analysis of representative rock types encompassing all of the Fifield intrusions 
and combined with results from Chapter 5 will constrain petrogenesis and the tectonic setting 
of the Fifield intrusions as a whole. Petrographic descriptions for individual samples not in 
this chapter can be seen in Appendix A. 
4.2 Petrography of the Owendale intrusion 
The Owendale intrusion is composed of three different rock types. There is a compositional 
change from the eastern side of the intrusion westwards from serpentinite to olivine 
pyroxenite to pyroxenite, documented from drill cores FKD1, FKD2, FKD3 and FKD4 
(Figure 2.2). FKD1 is a hole located towards the centre of the intrusion in the zone 
interpreted to be clinopyroxenite. FKD1 was drilled vertically to a depth of 307.54 m, 
intersecting for its entire length green-grey, fine to medium grained biotite-magnetite-
pyroxenite. FKD2 is located north of FKD1 in the zone interpreted to be clinopyroxenite. 
FKD2 was drilled towards the south inclined at 45° to a total depth of 298.09m, intersecting 
meladiorite at the top of the hole grading to hornblendite to pyroxenite at the base. FKD3 is 
located to the east of FKD2 in the zone interpreted to be clinopyroxenite. It is drilled towards 
the south inclined at 45° to a total depth of 248.82, intersecting fine grained, massive 
serpentinite for its entire length. FKD4 is located to the south of FKD3 and the east of FKD1 
in the zone interpreted to be pyroxenite. It is drilled toward the north inclined at 38° to a total 
depth of 305.03 m and intersects fine grained, massive serpentinite for most of its length 
before intersecting bands of biotite pyroxenite at the base. 
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Table 4.1 List of thin section samples. 
Sample  Description Source GPS Co-ordinates 
(WGS84) 
MU01 Hornblende gabbro with pegmatitic quartz 
feldspar veins. 
Outcrop -32.8485, 147.4781 
MU05 Hornblende gabbro Outcrop -32.8096, 147.4373 
MU06 Melagabbro Outcrop -32.8139, 147.4449 
MU07 Hornblende gabbro Outcrop -32.8139, 147.4465 
MU08 Hornblende gabbro Outcrop -32.8154, 147.4495 
TT1 Monzonite Outcrop -32.7483, 147.3818 
TT2 Hornblende gabbro Outcrop -32.7626, 147.4430 
TT01 Pegmatitic monzodiorite containing K-
feldspar 
Outcrop -32.7222, 147.2919 
TT02 Monzodiorite Outcrop -32.7467, 147.3833 
TT04 Monzonite Outcrop -32.7382, 147.3020 
TT05 Hornblende monzonite Outcrop -32.7314, 147.2994 
TT06 Monzonite Outcrop -32.7398, 147.3502 
SY02 Syenitic monzonite Outcrop -32.7483, 147.3812 
MB01 Hornblende gabbro Outcrop -32.9811, 147.3570 
MB02 Hornblende gabbro Outcrop -32.9808, 147.3564 
KG1.1-
1.2 
Green-grey fine to medium grained biotite-
magnetite-pyroxenite. Collected from 
273.35 m and 273.55 m down hole 
Drill core (FKD1) -32.7244, 147.4517 
KG2.1, 
2.2, 2.3, 
2.4, 2.5 
Meladiorite to hornblendite to pyroxenite. 
Collected from 129.64  m, 150.77  m, 
237.44  m, 201.93m and 181.21m down hole 
Drill core (FKD2) -32.7253, 147.4511 
KG3.1 Fine grained, dark, ultramafic. Massive 
serpentinisation. Collected from 244.91 m 
down hole 
Drill core (FKD3) -32.7223, 147.4678 
KG4.1 Fine grained, dark, ultramafic. Massive 
serpentinisation. Collected from 300.40 m 
down hole 
Drill core (FKD4) -32.7254, 147.4672 
FFD1, 
FFD2 
Green-grey pyroxenite. Collected from 56 m 
and 63 m down hole 
Drill core (FFD1) -32.7491, 147.3988 
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4.2.1 Serpentinite KG3.1 
Sample KG3.1 is a serpentinite from drill hole FKD3 located on the eastern side of the 
Owendale intrusion (Figure 2.2). It was collected from the base of the drill hole at 244 m. In 
hand specimen the sample is dark grey in colour and very fine grained with no phenocrysts 
(Figure 4.1A).  In thin section serpentine makes up the majority of the rock, with primary and 
secondary opaque minerals making up approximately 15%. There is a dusting of iron oxide 
visible over the sample. The serpentine appears as pseudomorphs after olivine, given the 
relict structure that is preserved (Figure 4.1B). When olivine alters to serpentine, Mg 
partitions into serpentine while Fe forms new iron oxide minerals, namely chromite. Opaque 
minerals are primarily euhedral chromite. There are minor secondary chromite minerals 
present. Based on petrographical and geochemical analysis (Section 5.2.1) the protolith is 
thought to have been a hazburgite peridotite dominated by olivine with accessory phases of 
chromite and clinopyroxene.  
4.2.2 Pyroxenite KG1.1 
Sample KG1.1 was collected from drill hole FKD1 in the south central region of the 
Owendale intrusion (Figure 2.2). It was collected approximately 30 m from the base of the 
drill hole at 273 m depth. In hand specimen (Figure 4.2A) the sample is fine grained and 
green-grey in colour. Phenocrysts of biotite can be seen with the naked eye. In thin section 
(Figure 4.2B) the sample is composed of approximately equal amounts of anhedral 
clinopyroxene and orthopyroxene, making up 60% of the rock. The remainder of the rock is 
made up of approximately 25% biotite and 15% opaque material, interpreted to be magnetite 
(Yates (1967)). Minor chloritisation is visible around the edges of some pyroxenes. Magnetite 
is present interstitially. Biotite is present as tabular grains.  
Clinopyroxene and orthopyroxene were the first to crystallise from the melt. The presence of 
magnetite as interstitial grains indicates that it was the last phase to crystallise out of the melt. 
Biotite crystallised around pyroxenes and indicates a later stage crystallisation from the 
residual melt that must have been hydrous in the latter stages of crystallisation. The lack of 
amphibole minerals suggests that hydration of the magma occurred late in its crystallisation 
history after initially crystallising as an anhydrous melt. 
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4.2.3 Microgabbro KG 2.3 
Sample KG2.3 was collected from drill hole FKD2 in the south central region of the 
Owendale intrusion (Figure 2.2). It was collected from 238 m depth. In hand specimen the 
sample is fine grained and dark grey with white flecks throughout (feldspar phenocrysts) 
(Figure 4.3A). In thin section (Figure 4.3B) the sample is composed of a fine grained 
groundmass of biotite, clinopyroxene, minor plagioclase, some amphibole, abundant 
sulphides and opaque minerals interpreted to be magnetite (Yates (1967)). Large subhedral 
clinopyroxene phenocrysts and interstitial K-feldspar are also present. Magnetite is abundant 
in veins also containing sulfide. Across the thin section there are domains which are largely 
amphibole free grading into domains with amphibole alteration where amphibole has 
overprinted clinopyroxene. Clinopyroxene crystallised first, followed by amphibole. 
Plagioclase crystallised next followed by interstitial biotite and opaques. Sulfide is interpreted 
to have been carried in with the magnetite, and along with amphibole alteration suggests a 
post-crystallisation mineralisation/alteration event. 
4.2.4 Pyroxenite KG2.1 
Sample KG2.1 was collected from drill hole FKD2 in the south central region of the 
Owendale intrusion (Figure 2.2) at a depth of 130m down hole. In hand specimen (Figure 
4.4A) the sample is greenish grey with chlorite veining running through it and chlorite 
alteration affecting the raw surface of the sample. Biotite and sulphide are present in patches 
along the edges of the chlorite. In thin section (Figure 4.4B) the groundmass consists of 
clinopyroxene, orthopyroxene, interstitial feldspar and opaques. Clinopyroxene and 
orthopyroxene are subhedral to anhedral. Some grains have a consertal texture. 
Clinopyroxene and orthopyroxene crystallised first and joined later by feldspar and opaques. 
The chlorite veins were formed by high temperature hydrothermal alteration.  
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Figure 4.1 Hand specimen (A) and photomicrograph (B) of sample KG3.1, an 
ultramafic rock from drill core FKD3 from the Owendale intrusion. Sample 
consists of serpentinite with accessory chromite phases. Sp – serpentinite, Cr – 
chromite. Hand specimen scale equals cm. 
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Figure 4.2 Hand specimen (A) and photomicrograph (B) of sample KG 1.1, a pyroxenite 
from drill hole FKD1 in the Owendale intrusion. Sample consists of clinopyroxene, 
orthopyroxene with interstitial biotite and magnetite. Bi – biotite, opx – orthopyroxene, 
cpx – clinopyroxene, m - magnetite 
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Figure 4.3 Hand specimen (A) and photomicrograph (B) of sample KG2.3, a microgabbro 
from drill hole FKD2 in the Owendale intrusion. Sample consists of a fine grained 
groundmass composed of biotite, clinopyroxene, olivine, feldspar and minor amphibole with 
interstitial sulfides and magnetite. M – magnetite, S - sulfide 
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Figure 4.4 Hand specimen (A) and photomicrograph (B) of sample KG2.1, a pyroxenite 
from drill hole FKD2 in the Owendale intrusion. Sample consists of subhedral to anhedral 
clinopyroxene and orthopyroxene with minor interstitial feldspar, magnetite and sulfides. 
Chlorite veining is also present. Cl – chlorite, Su – sulfide, Px – clinopyroxene, opx - 
orthopyroxene 
Opx 
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4.3 Petrography of the Tout intrusion 
The Tout intrusion shows three different rock types which are generally more mafic in the 
centre and more felsic toward the rim with an exception towards the far western portion. 
Samples collected from the Tout intrusion range from pyroxenite to hornblende gabbro to 
monzonite/syenite (Figure 2.2).  
4.3.1 Pyroxenite FFD1 and FFD2 
Pyroxenite from the Tout intrusion is represented by samples FFD1 and FFD2, collected from 
depths of 56 m and 63 m respectively down drill hole FFD1. In hand specimen sample FFD1 
is equigranular, medium grained and composed of a meshwork of green and black grains 
(Figure 4.5A). Black grains are identified as pyroxene. Sample FFD2 is also equigranular, 
medium grained and composed of black and green grains (Figure 4.6A). Black grains are 
identified as pyroxene. The major difference in appearance between the two samples is that 
FFD2 has a greater proportion of black grains than green while sample FFD1 is relatively 
evenly proportioned. 
In thin section (Figure 4.5B and 4.6B) the samples are very similar. They are composed 
principally of approximately 70% clinopyroxene and orthopyroxene in an 80:20 ratio with 
approximately 10% altered olivine, 10% opaques and 10% serpentine in both vein and bleb 
form.. Clinopyroxene grains are generally larger than orthopyroxene grains, with a subhedral 
to anhedral habit. Orthopyroxene grains are also subhedral to anhedral in habit. Olivine is 
present in small amounts as altered grains within serpentine-rich areas. Opaques are 
intergrown with pyroxene and olivine, with some occurring as iron oxide in small blebs 
around olivine. Contacts between the grains are regular with a small amount of alteration due 
to replacement of olivine by serpentine. There is an unidentified phase distributed along the 
serpentine vein (possibly evidence of the presence of volatiles). Serpentine blebs are 
interpreted to have replaced whole olivine grains. Olivine crystallised first, followed by 
pyroxene and opaque intergrowths. Serpentine veining is a form of hydrothermal alteration 
and cross-cuts all constituents. It is therefore interpreted to have occurred when the rock was 
cool enough to facilitate brittle fracture. There is some chlorite alteration of pyroxene grains 
indicating high temperature hydrothermal alteration. 
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Figure 4.5 Hand specimen (A) and photomicrograph (B) of sample FFD1, a pyroxenite 
from drill hole FFD1 in the Tout intrusion. Sample consists of subhedral to anhedral 
clinopyroxene and orthopyroxene, with minor altered olivine and serpentinite veining. 
Opx – orthopyroxene, cpx – clinopyroxene, Sp - serpentinite 
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Figure 4.6 Hand specimen (A) and photomicrograph (B) of sample FFD2, a pyroxenite 
from drill hole FFD1 in the Tout intrusion. Sample consists of subhedral to anhedral 
clinopyroxene and orthopyroxene with minor altered olivine,  interstitial opaques, 
serpentinite veining and alteration of pyroxene to chlorite. Cl – chlorite, Ol – olivine, Op 
– opaques, Sp – serpentinite, Opx – orthopyroxene, Cpx - clinpyroxene 
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4.3.2 Hornblende gabbro TT2 (outcrop) 
TT2 is a hornblende rich gabbroic rock collected from the eastern margin of the Tout 
intrusion (Figure 2.2). In hand specimen it is composed of large grey-green amphibole 
phenocrysts in a green aphanitic matrix (Figure 4.7A). Phenocrysts dominate, comprising 
approximately 60-70% of the rock. In thin section (Figure 4.7B), very large hornblende 
grains comprise approximately 70% of the rock. The hornblende shows very embayed/altered 
edges. Some smaller hornblende grains are included by embayed clinopyroxene. The matrix 
is composed of clinopyroxene, plagioclase and quartz. Clinopyroxene is anhedral, with 
substantial alteration to the edges of all grains and within some of them. Twinning is present 
in clinopyroxene. Plagioclase is present primarily as laths in groundmass and is also altered 
along the edges. Pyroxene crystallised from the melt at a high temperature followed by 
plagioclase. Large, euhedral to anhedral hornblende grains followed, followed by minor 
quartz. The embayed edges of most pyroxene and hornblende grains are attributed to intense 
alteration. This sample is texturally identical to sample MU05 (Section 4.4.1). 
4.3.3 Monzonite TT04 (outcrop) 
Sample TT04 is a monzonite from the western margin of the intrusion (Figure 2.2). In hand 
specimen the rock is largely equigranular, with a few K-feldspar phenocrysts (Figure 4.8A).  
In thin section (Figure 4.8B) sample TT04 is composed of large subhedral to anhedral 
hornblende, with embayed clinopyroxene inclusions. A corona texture is evident between the 
hornblende and clinopyroxene inclusions. Poikilitic subhedral K-feldspar grains contain 
randomly oriented plagioclase laths and make up the groundmass of the rock. Plagioclase has 
a speckled texture due to small inclusions of white mica and zoisite within the laths. Some 
chlorite has developed by alteration of hornblende. Some iron staining is visible in 
hornblende grains. Minor quartz is visible as interstitial grains. 
Clinopyroxene crystallised first, but with increasing water content of the melt it became 
unstable at which hornblende began to crystallise in a corona around the clinopyroxene. With 
further evolution of the melt plagioclase began to crystallise around the hornblende grains in 
random orientations. Biotite then crystallised as the plagioclase grains were sericitised. K-
feldspar and quartz crystallised interstitially before plagioclase alteration.
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Figure 4.7 Hand specimen (A) and photomicrograph (B) of sample TT2, a 
hornblende gabbro from the Tout intrusion. Sample consists of abundant embayed 
hornblende included by clinopyroxene. Clinopyroxene is present as embayed tabular 
grains included by amphibole. The matrix is composed of clinopyroxene, plagioclase 
and quartz. Hbl – hornblende, Cpx – clinopyroxene, Am - amphibole 
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Figure 4.8 Hand specimen (A) and photomicrograph (B) of sample TT04, a monzonite from 
the Tout intrusion. Sample consists of subhedral to anhedral hornblende included by 
embayed clinopyroxene. Plagioclase has minor sericitisation. K-feldspar and quartz are 
present interstitially. Hbl – hornblende, Cpx – clinopyroxene, Pl – plagioclase, K-f – K-
feldspar. 
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4.3.4 Monzonite SY02 (outcrop) 
Sample SY02 is a monzonite collected from the centre of the intrusion (Figure 2.2). In hand 
specimen (Figure 4.9A) regions of white feldspar can be identified amongst phenocrysts of 
black pyroxene. Individual grains cannot be distinguished (aphanitic texture). In thin section 
(Figure 4.9B) plagioclase dominates the matrix, making up approximately 55% of the rock. 
The remaining 40% is made up of approximately 30% large clinopyroxene megacrysts, 10% 
corroded olivine megacrysts and 5% accessory biotite and oxides with little K-feldspar. There 
are large phenocrysts of plagioclase, one of which is a reactive plagioclase with K-feldspar 
around the edge and clinopyroxene inclusions (Figure 4.9C). Olivine is associated with 
clinopyroxene phenocrysts and minor oxides. Clinopyroxene phenocrysts are primarily 
subhedral to anhedral and a minority are twinned. An interesting feature of this rock is a 
symplectic texture of K-feldspar and an isotropic mineral (Figure 4.9B). This symplectite is 
formed from the breakdown and recrystallization of feldspar. Biotite is interstitial and formed 
from the reaction between the breakdown of oxides and feldspar. Olivine crystallised out 
first, followed by pyroxenes at a high temperature. This was followed by plagioclase, K-
feldspar and oxides and finally biotite as a reactionary phase. The absence of quartz is 
compatible with the existence of olivine. 
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Figure 4.9 Hand specimen (A) and photomicrograph (B) and (C) (next page) of 
sample SY02, a monzonite from the Tout intrusion. Sample is composed of a 
plagioclase matrix with clinopyroxene phenocrysts. Minor biotite and opaques are 
present interstitially. Opaque material forms a symplectic texture with the 
plagioclase groundmass. C shows a large plagioclase phenocryst with a K-feldspar 
reaction rim and clinopyroxene inclusions. Cpx – clinopyroxene, Pl – plagioclase, Bi 
– biotite, Op – opaque, K-f – K-feldspar 
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4.4 Petrography of the Murga intrusion 
The Murga intrusion outcrops at two localities (Figure 2.2). Within the larger area there are 
two distinct rock types present, hornblende gabbros and diorites. There is a distinct 
compositional change between hornblende gabbros of the central southern portion and the 
south-eastern portion of the intrusion. Sample MU05 was collected from the central southern 
portion and sample MU08 was collected from the south-eastern portion. Sample MU06 is a 
diorite collected from the south-eastern margin of the intrusion. Sample MU01 was collected 
from the southern margin of the smaller outcropping area and is of a different appearance to 
all previous samples. 
4.4.1 Hornblende gabbro (MU05) (outcrop) 
In hand specimen sample MU05 is porphyritic with an aphanitic groundmass (Figure 4.10A). 
Large hornblende phenocrysts are hosted in a fine green-grey matrix. There is a light amount 
of weathering evident on the exposed surface of the hand specimen. In thin section (Figure 
4.10B) a mesh of large hornblende phenocrysts makes up approximately 70% of the rock. 
Clinopyroxene, hornblende, minor plagioclase and minor quartz comprise the fine grained 
matrix of the rock, which is interstitial to hornblende phenocrysts. The hornblende meshwork 
is subhedral to anhedral and twinned, overgrowing and/or replacing clinopyroxene. Grains 
are overlapping with a consertal texture. 
Clinopyroxene crystallised first, followed by clinopyroxene and hornblende. Plagioclase and 
minor quartz followed. The embayed nature of clinopyroxene is due to partial re-mobilisation 
as hornblende crystallises around it.  
4.4.2 Hornblende Gabbro MU08 (outcrop) 
Sample MU08 is porphyritic with an aphanitic green groundmass (Figure 4.11A). The 
phenocrysts are primarily elongate and range from 1mm to 5mm in length. Phenocrysts make 
up approximately 80% of the rock with the matrix making up the remaining 20%. In thin 
section (Figure 4.11B), sample MU08 is composed of large euhedral-subhedral and tabular 
hornblende grains with simple twinning. Residual olivine is present within a groundmass of 
plagioclase, clinopyroxene and K-feldspar. Olivine chadacrysts are present within hornblende 
oikocrysts. Hornblende phenocrysts make up approximately 80% of the rock in thin section. 
Approximately 10% of the rock is composed of euhedral to subhedral orthopyroxene, some 
of which exhibits a corona texture with hornblende. The groundmass accounts for the 
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remainder of the rock. Alteration is restricted to the matrix. K-feldspar veins run through all 
grains.  
Clinopyroxene crystallised from the melt before hornblende and feldspar. An unstable melt 
caused alteration and recrystallization of these minerals before equilibrium with hornblende 
crystallisation was again reached and large euhedral elongate crystals were formed. Small 
veinlets of K-feldspar are interpreted to be associated with this alteration and recrystallisation 
process. 
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Figure 4.10 Hand specimen (A) and photomicrograph (B) of sample MU05, a 
hornblende gabbro from the Murga intrusion. Sample consists of a groundmass of 
clinopyroxene, hornblende, minor plagioclase and minor quartz. Large subhedral to 
anhedral hornblende phenocrysts contain clinopyroxene inclusions. Hornblende is 
overgrowing and/or replacing clinopyroxene. Hbl – hornblende, Cpx - clinopyroxene 
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Figure 4.11 Hand specimen (A) and photomicrograph (B) of sample MU08, a hornblende 
gabbro from the Murga intrusion. Sample consists of elongate euhedral to subhedral 
hornblende phenocrysts in a groundmass of clinopyroxene, feldspar and remnant olivine. 
Hbl – hornblende, Cpx – clinopyroxene, K-f – K-feldspar 
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4.4.3 Melagabbro MU06 (outcrop) 
In hand specimen sample MU06 is finer grained than MU05 or MU08 (Figure 4.12A). It 
consists of dark pyroxene/hornblende phenocrysts in an aphanitic green matrix. In thin 
section (Figure 4.12B), the sample is composed of hornblende, clinopyroxene, minor 
plagioclase and minor quartz. Clinopyroxene is present as embayed grains within hornblende. 
Hornblende is predominantly anhedral or tabular and simple twinned with a few instances of 
multiple twinning. Substantial alteration is present affecting all minerals except quartz. An 
interesting feature is the presence of bright zones of acicular and rounded alteration of 
clinopyroxene to amphibole forming a branching texture.  
Pyroxenes have crystallised from the melt first followed by hornblende surrounding embayed 
clinopyroxene. Quartz crystallised interstitially. As alteration is evident on all minerals 
except quartz, it is interpreted that alteration occurred at a pressure and temperature where 
quartz was stable. Zones of intense clinopyroxene alteration are clinopyroxene that has been 
replaced by low Al amphibole which was overprinted by high Al amphibole. Quartz is 
indicative of a silica saturated melt. 
4.4.4 Altered Gabbro MU01 (outcrop) 
In hand specimen, MU01 is a fine grained green coloured rock (Figure 4.13A). It is aphanitic 
with a large quartz vein containing sulphides. Epidote veining is also present.  In thin section 
(Figure 4.13B), the rock has a relict igneous texture and is composed of a matrix of secondary 
amphibole, minor relict glomerophyric clinopyroxene and randomly oriented plagioclase 
laths showing variable degrees of hydrothermal alteration. Olivine megacrysts reside in the 
matrix and could represent fragments of entrained mantle. Serpentine veining indicates 
hydrothermal alteration of olivine. Epidote bearing pyrite veins are present with a haematite 
edging, indicating low-temperature alteration. 
Olivine crystallised first, followed by clinopyroxene and plagioclase laths. Hydrothermal 
alteration occurred after crystallisation producing serpentine. Low temperature alteration 
produced epidote veining carrying sulfide, indicative of low temperature hydrothermal 
activity. 
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Figure 4.12 Hand specimen (A) and photomicrograph (B) of sample MU06, a 
melagabbro from the Murga intrusion. Sample consists of hornblende, 
clinopyroxene, minor plagioclase and minor quartz. Clinopyroxene is present as 
inclusions within hornblende. There are zones of amphibole overprinting 
clinopyroxene, forming bright acicular masses. Hbl – hornblende, Cpx – 
clinopyroxene, Qtz - quartz 
Qtz 
 
 
51 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
B 
A 
Figure 4.13 Hand specimen (A) and photomicrograph (B) of sample MU01, an 
altered gabbro from the Murga intrusion. Sample has a relict igneous texture 
and consists of amphibole, clinopyroxene and plagioclase laths. Sulfide veining 
containg epidote and haematite cross-cut all rock constituents. Su – sulfide, Ep 
– epidote, H – haematite. 
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4.5 Petrography of the Murrumbogie intrusion 
The Murrumbogie intrusion is the smallest of the Fifield intrusions. Three samples were 
collected (Figure 2.3). Upon further visual analysis all samples were very similar in 
composition. All samples were hornblende gabbros; however, sample MB02 is richer in 
feldspar than sample MB01. Due to weathering of the outer surfaces of the rock, cut surfaces 
are used to facilitate visual analysis. 
4.5.1 Hornblende gabbro MB01 (outcrop) 
In hand specimen (Figure 4.14A), sample MB01 is fine grained with approximately 30% 
light green phenocrysts and approximately 20% dark green phenocrysts. The matrix makes 
up approximately 50% of the rock and is grey-green in colour. In thin section (Figure 4.14B) 
the rock is composed of primarily of green and brown hornblende, clinopyroxene, 
orthopyroxene, K-feldspar and minor biotite. Hornblende is primarily euhedral to anhedral in 
shape, with embayment occurring on approximately 20% of grains. Clinopyroxene is present 
as small grains comprising approximately 10% of the rock. Zoning is apparent on most of the 
clinopyroxene grains. Orthopyroxene is subhedral to anhedral and comprises approximately 
20% of the rock. Some orthopyroxene grains exhibit consertal textures with clinopyroxene 
and hornblende grains. K-feldspar occurs in the matrix and accounts for approximately 20%. 
Slight alteration is visible over all grains with the exception of K-feldspar.  
Pyroxene crystallised first, followed by large subhedral tabular twinned hornblende grains. 
As clinopyroxene began to recrystallise during hornblende fractionation the clinopyroxene is 
anhedral in character. K-feldspar fractionated out after hornblende forming interstitially. 
Alteration occurred at a pressure and temperature where K-feldspar is stable, indicating 
alteration after the rock crystallised. 
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4.5.2 Hornblende Gabbro MB02 (outcrop) 
Sample MB02 differs from sample MB01 in that it is more feldspar rich. In hand specimen 
(Figure 4.15A), sample MB02 is composed of pinkish phenocrysts in a dark and light green 
mottled matrix. Phenocrysts comprise approximately 30% of the rock. In thin section (Figure 
4.15B) the rock comprises hornblende, clinopyroxene (with some chlorite alteration) and K-
feldspar. Plagioclase is probably present but unable to be identified with certainty as a result 
of sericite alteration. Hornblende is present as subhedral to anhedral embayed grains and as 
an alteration product. Some grains contain clinopyroxene that has been partially altered to 
chlorite. Twinning is common. Clinopyroxene is present in subhedral to anhedral embayed 
grains and as inclusions within hornblende. The majority of clinopyroxene is altered and 
overprinted by amphibole in a manner similar to sample MU06 (Figure 4.12B). Zoning is 
apparent on some clinopyroxene and hornblende. K-feldspar exists interstitially and has a 
white-brown colour. The brown colour is probably due to alteration. 
Clinopyroxene grains crystallised first from an anhydrous melt. With increasing water 
content of the melt, clinopyroxene began to recrystallise, becoming embayed. Hornblende 
then crystallised out followed by K-feldspar. Chlorite was produced by the alteration of 
clinopyroxene. The bright acicular clinopyroxene is a result of low Al amphibole replacing 
clinopyroxene and then being overprinted by high Al amphibole. Alteration has occurred 
after the crystallisation of all constituents. 
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Figure 4.14 Hand specimen (A) and photomicrograph (B) of sample MB01, a 
hornblende gabbro from the Murrumbogie intrusion. Sample consists of green and 
brown hornblende, clinopyroxene, orthopyroxene, K-feldspar and minor biotite. Hbl 
- hornblende, Cpx – clinopyroxene, K-f – K-feldspar 
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Figure 4.15 Hand specimen (A) and photomicrograph (B) of sample MB02, a 
hornblende gabbro from the Murrumbogie intrusion. Sample consists of 
hornblende, clinopyroxene, plagioclase and K-feldspar. Some clinopyroxenes show 
chlorite alteration. Clinopyroxene is embayed and often as inclusions in hornblende. 
Plagioclase are laths showing sericitisation. Cpx – clinopyroxene, Hbl – hornblende. 
 
 
56 
 
4.6 Interpretation 
The crystallisation sequences for the rocks of the Fifield intrusive suite are those observed in 
most zoned ‘Alaskan-type’ complexes (Murray, 1972); beginning with olivine and followed 
sequentially by clinopyroxene, orthopyroxene, amphibole, plagioclase and in this case, K-
feldspar and quartz. The mineral assemblage change from ultramafic to mafic and into felsic 
is indicative of the addition of water to the melt. This is supported by the presence of primary 
igneous amphibole in several thin sections, indicating the point at which > 3 wt. % of the 
melt was water and pressure was in excess of 0.1-0.2GPa (Winter, 2010). The presence of 
biotite also indicates substantial water content for the magma. The presence of veins of 
epidote associated with chlorite and sulphides is likely to be the product of fluid inflow 
during metasomatism. The parental magma is interpreted to have been silica saturated as 
evidenced by the proportion of orthopyroxene in the pyroxenites. rocks in which amphibole 
has replaced pyroxene are interpreted as possibly being near the contact of the gabbro and 
ultramafic rocks, as seen in the Duke Island ultramafic complex in south-eastern Alaska 
(Irvine, 1967). 
The rocks from the Fifield intrusive suite can be categorised according to their major mineral 
assemblages into four groups: the ultramafic rocks, the pyroxenites the hornblende gabbros 
and the monzonite/diorites. In subsequent chapters this is how the rocks will be grouped for 
analyses. 
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4.7 Mineralogy  
Energy-Dispersive Spectroscopy (EDS) analysis was conducted on opaques within samples 
KG3.1 and KG4.1. The EDS system used for this project was integrated with a scanning 
electron microscope (SEM) and operated at the University of Wollongong’s Innovation 
Campus. EDS analysis allows the identification of elemental compositions of a spot down to 
a few microns and their relative proportions in wt. %. A sample is bombarded with a focused 
beam of electrons, which causes x-rays to be produced. These x-rays are converted into 
voltage signals by a detector which is then sent to an analyser for processing, producing a 
compositional spectrum. 
A total of 16 spectra were generated analysing 14 opaques and 2 host minerals (Figures 4.16 
and 4.18). Map sum spectra generated for these opaques are shown in Figures 4.17 and 4.19. 
Table 4.2 is a summary table of EDS results; full results can be seen in Appendix A. Thirteen 
opaque analyses were found to be chromite, two of the host rock analyses were found to be 
olivine and the remaining analysis was found to be magnetite (a small grain that was not 
visible to the naked eye). This indicates the host rock also contains a small proportion of 
magnetite as opaques. 
 n=13  n=2  n=1 
O 29.81 O 54.73 O 29.63 
Mg 2.88 Mg 25.21 Fe 70.37 
Al 2.73 Si 18.25 Total 100 
Ti 0.24 Ca 0.14   
Cr 25.76 Mn 0.08   
Mn 0.16 Fe 1.60   
Fe 38.13 Total 100.00   
Total 99.72     
 
n=13 are chromite, n=2 are olivine-rich host rock, and 
n=1 is magnetite. The total for n=13 is within ±1 from 
100 so is an acceptable result. All results are in wt. %. 
 
Table 4.2 Summary of EDS analysis results. 
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Figure 4.16 Map sum spectrum for chromites from sample KG3.1 
Figure 4.17 EDS image of chromite from sample KG3.1 
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Figure 4.18 EDS image of chromite from sample KG4.1 
Figure 4.19 Map sum spectrum for chromites from sample KG4.1 
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4.7.1 Interpretation 
The major opaque assemblages within the Fifield ultramafic rocks are chromite and 
magnetite. Enrichment of these are indicative of strongly oxidising conditions (Thakurta et 
al., 2008). Early magmatic chromite is an important mineral in determining tectonic setting of 
their ultramafic-mafic host rocks. Chromite with a high Cr number can be used to constrain 
mantle source characteristics and estimate the composition of parental magma (Tian et al., 
2011). Chromite found within ‘Alaskan-type’ intrusions characteristically have a low Mg 
number and a high Cr number (Eyuboglu et al., 2010), which is reflected in the Fifield 
chromite with a Cr number range of 0.89 – 0.93 and an Mg number range of 8.34 – 13.64. 
The Cr number, Mg number, Fe3+, Al2O3 and TiO2 contents are commonly used to derive the 
tectonic setting of the ultramafic-mafic rocks (Lee, 1999). For this study, Cr2O3, TiO2 and 
Al2O3 were used to generate discrimination diagrams. However, one must be careful when 
using chromite as a petrogenetic indicator, as several factors can affect its chemical 
composition (Power et al., 2000). The degree of serpentinisation of the source rock results in 
enrichment of Fe and depletion of Al and Mg, which could affect the position of the Fifield 
chromite on any discrimination diagram utilising these parameters. TiO2, Cr2O3 and Al2O3 
contents were calculated for all Fifield chromites and plotted on a TiO2/Al2O3 plot and a 
TiO2/Cr2O3 plot (Figure 4.20-4.21). The conversion factors used are Ti = 1.668, Cr = 1.4616 
and Al = 1.8895. The plots generated indicate that an island arc setting is most likely for the 
magma; however the Fifield chromites were sourced from ultramafic host rock that had been 
completely serpentinised (Figure 4.1B). This has most likely affected its position on the 
TiO2/Al2O3 plot due to Al depletion, plotting to the left of the ‘Alaskan-type’ field on the 
diagram. 
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Figure 4.21 Al2O3 vs TiO2 plot for the Fifield chromites, plotting in the island arc field. 
Fields from Eyuboglu et al., (2010). All units are wt. %. 
Figure 4.20 Cr2O3 vs TiO2 plot for the Fifield chromites. Chromites plot within the 
Alaskan-type field. Fields from Grieco et al., (2014). All units are wt. %. 
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4.8 Conclusions 
The crystallisation sequence observed in the Fifield intrusive suite of rocks is typical of 
‘Alaskan-type’ complexes. This conclusion is further supported by chromite mineralogy, with 
the chemical makeup of the Fifield chromites also being typical of ‘Alaskan-type’ intrusions. 
The magma is interpreted to have been hydrous, consistent with the abundance of hornblende 
in the cumulate rocks and biotite in the ultramafic rocks. Initial hypotheses to the tectonic 
setting of the Fifield intrusive suite can be derived using chromite chemistry. The high Cr 
number values for chromites from the Fifield suite are consistent with those obtained from 
chromite in dunite from the Gaositai complex in North China, which is thought to have 
originated from partial melting of a hydrous carbonatite fluxed subcontinental lithospheric 
mantle above the Palaeozoic subduction zone emplaced at a mid to high crustal level (Tian et 
al., 2011). High Cr numbers and low Mg numbers are also consistent with values obtained by 
Eyuboglu et al., (2010), indicating a possible affinity with an arc-related setting. 
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5 Geochemistry 
5.1 Introduction 
Geochemical analysis for this study included major and trace element analyses as well as an 
analysis of the Rare Earth Element (REE) concentrations. Chemical analysis is one of the 
best indicators of chemical fractionation trends in magma, reflecting the physical conditions 
of crystallisation and the composition and source environment of parent magma (Himmelberg 
& Loney, 1995).  Major elements are identified as those that comprise the majority of the 
rock, while trace elements are those that have a concentration of less than 0.01% in any 
sample (Rollinson, 1993). REEs are the lanthanum series on the periodic table, and are 
grouped together because they are chemically similar (Winter, 2010). 
Thirty-five samples were crushed into a powder at UOW using a TEMA tungsten-carbide 
ball mill. Of these, 12 samples were also used for REE analysis. A CIPW norm, classification 
diagrams, Harker diagrams and spider plots were generated using the Geochemical Data 
Toolkit (GCDkit) (Janousek et al., 2006) for interpretation of the data. Tungsten, cobalt and 
tantalum were disregarded due to probable contamination from the tungsten-carbide ball mill. 
SiO2, MgO and SO3 were not plotted as Harker diagrams due to the lack of distinguishable 
fractionation trends. Harker diagrams are plotted in wt. % against MgO because MgO shows 
variation in ultramafic to gabbroic rocks during melt evolution while SiO2 may not 
(Rollinson, 1993). Full geochemical results can be seen in Appendix B. Analytical methods 
used are detailed in Chapter 3. 
5.2 Major and Minor Elements 
5.2.1 CIPW normative calculation 
A CIPW norm was calculated to identify normative mineral phases in the rock. The norm can 
be seen in Appendix C. Although normative calculations have little intrinsic value in 
identifying geochemical characteristics of igneous rocks within a modern petrogenetic 
perspective (Wilson, 1989), it is used in this project to identify potential characteristics of the 
parental magma for the ultramafic rocks, the pyroxenites, the cumulate rocks and the 
intermediate rocks. Table 5.1 shows averaged normative nepheline and hypersthene contents 
for the rock types of the Fifield intrusions. Normative hypersthene content is significantly 
higher in all rock types relative to normative nepheline. This indicates that the probable 
parental magma for all rock types was hypersthene normative and probably silica saturated. 
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This is also evidenced by the presence of minor quartz in some cumulate rocks (Figure 
4.12B). 
5.2.2 Classification Diagrams 
A number of classification diagrams have been utilised to classify the rocks according to 
major element concentrations (Table 5.2; full results from major element analysis are seen in 
Appendix B). The normative set of minerals generated from a CIPW norm in GCDkit was 
utilised for classification of the ultramafic rocks. 
For the ultramafic rocks (samples KG3.1-3.5, KG4.1-4.5 from the Owendale intrusion), the 
Ol-Cpx-Opx ternary diagram was used (Figure 5.1). According to this classification, most of 
the rocks classify as olivine rich hazburgite. This is consistent with the results of the 
geochemical and petrographic analysis; the CIPW norm calculation shows a high wt. % of 
olivine (61-65%).  Figure 5.2 is the SiO2 vs. K2O+Na2O classification diagram after 
Middlemost (1985). Most of the rocks plot within the gabbro-monzodiorite-diorite field, 
which is consistent with field and laboratory observations. The ultramafic rocks plot just 
outside the peridot/gabbro field in a cluster. 
Figure 5.3 is the Mg/Si vs. Al/Si diagram used to identify whether the ultramafic rocks are a 
separated cumulate phase or entrained depleted mantle brought up with magma (modified 
from Friend et al., (2002)). Cumulate peridotite magma will plot in the lower part of the 
diagram, whereas entrained depleted mantle will plot on the mantle fractionation trend. 
5.2.3 Variation Diagrams 
Major element variation diagrams for all samples are seen in Figure 5.4. MgO content ranges 
from ~39 wt. % to ~41 wt. % in the ultramafic rocks, ~18 wt. % to ~20 wt. % in the 
pyroxenites, ~11 wt. % to ~15 wt. % in the hornblende gabbros, and ~3 wt. % to ~9 wt. % in 
the monzonites. There is little correlation between MgO content and the Mg number 
(100*Mg(Mg+Fe)) with Mg numbers ranging from ~78-82 in the ultramafic rocks, ~76-78  in 
the pyroxenites, 38-67 in the hornblende gabbros and 29-47 in the monzonites. The most 
likely explanation for this is the varying Fe2O3 content in the samples (seen in Table 5.2). 
Loss on ignition (LOI) was calculated to estimate the abundance of volatiles (e.g. H2O, CO2) 
in the rock. LOI values were not very significant for the pyroxenites, cumulate and 
intermediate rocks, ranging from -0.08 to 4.17. LOI was high for the ultramafic rocks, 
averaging 14.68.  
 
 
65 
 
Smooth trends that can be seen on all diagrams for all samples except the ultramafic rocks 
from the Owendale intrusion. This is indicative of a genetic relationship between 
compositions in all intrusions (Winter, 2010). The ultramafic rocks from the Owendale 
intrusion plot as a group away from the mafic cumulate rocks, indicating that the hazburgites 
contain a large amount of olivine. 
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Rock type Average normative nepheline Average normative hypersthene 
Intermediate 0 7.32 
Cumulate 0.76 3.95 
Pyroxenite 0 1.2 
Ultramafic 0 10.71 
Table 5.1 CIPW normative calculation values for nepheline and hypersthene. Higher 
values for hypersthene relative to nepheline indicate  
Figure 5.1 Ol-Cpx-Opx ternary diagram. 
Symbols:  ◊ - ultramafic rocks, x – pyroxenite  
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Figure 5.3 Mg/Si vs Al/Si co-variation diagram for the ultramafic rocks of the Owendale 
intrusion. Crosses - model primitive mantle composition, triangle - olivine from layered 
gabbro, squares - ultramafic rocks from Owendale intrusion. Modified from Friend et 
al. (2002) 
Figure 5.2 Whole rock classification diagram after Middlemost (1985). Colours: 
blue – ultramafic rocks, green – pyroxenites, red – cumulate rocks, black – 
intermediate rocks 
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 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 LOI Total 
Monzonite/diorite 
(< 10 wt. % MgO) 
2.67 6.49 14.77 50.41 0.37 0.07 2.32 9.97 0.95 0.18 11.06 0.97 100.22 
Gabbro  
(10-15 wt. % MgO) 
1.07 12.68 6.87 46.90 0.20 0.09 0.75 15.91 0.93 0.19 13.68 1.16 100.40 
Pyroxenite  
(15-20 wt. % MgO) 
0.16 18.83 1.29 51.11 0.03 <0.01 0.01 22.13 0.15 0.11 5.63 1.26 100.70 
Peridotite  
(> 20 wt. % MgO) 
0.05 40.62 0.10 34.13 <0.01 0.04 0.01 0.25 0.01 0.16 9.57 14.68 99.61 
Table 5.2 Summary table of average major element oxide concentrations for the four main groupings of igneous rocks in the Fifield 
intrusive suite. Samples are sorted according to MgO content. All concentrations are wt. %. 
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Figure 5.4 Variation diagrams for major element oxides (wt. %) against MgO. Arrows indicate 
fractionation trends. 
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Na2O concentrations range from 0.02 wt. % in the ultramafic rocks to 3.37 wt. % in the 
hornblende gabbros. Na2O partitions into plagioclase and the positive Na2O fractionation 
trend is indicative of the crystallisation of non-Na2O phases. 
Al2O3 concentrations range from 0.03 wt. % in the Owendale ultramafic rocks to 17.65 wt. % 
in the Tout monzonites. Alumina is held within plagioclase and hornblende (Georgiev et al., 
2009). The trend shown in Figure 5.4 indicates crystallisation of non-Al2O3 phases such as 
olivine and pyroxene, causing an increase in Al2O3.  
P2O5 concentrations are low (<1 wt. %) throughout the entire Fifield suite and shows a 
positive linear trend. This is indicative of the removal of apatite minerals as the melt evolved, 
however little to no apatite is seen in thin section.  
K2O concentrations range from 0.01 wt. % in the ultramafic rocks to 4.15 wt. % in the 
monzonites. It is held within K-feldspar and a positive linear trend indicates crystallisation of 
non-K2O phases such as pyroxene and hornblende, resulting in a decreasing abundance of K-
feldspar.  
CaO concentrations range from 0.08 wt. % in the Owendale ultramafic rocks to 22.72 wt. % 
in the Tout pyroxenites. CaO partitions into pyroxene and plagioclase (Georgiev et al.,, 
2009). The negative trend, taken with the positive trend of Na2O is indicative of the removal 
of clinopyroxene and the addition of plagioclase as the melt evolved.  
TiO2 and Fe2O3 both display a segmented trend, peaking at magnetite crystallisation. This is 
due to the oxidation of Fe2+ to Fe3+ due to the addition of water. TiO2 ranges in concentration 
from 0.01wt. % in the Owendale ultramafic rocks to 1.76 wt. % in the Murga hornblende 
gabbros. This trend is mirrored by FeOt (Fe analysed as Fe2O3 total, FeOt is total iron 
expressed as the calculated ferric amount), with concentrations ranging from 8.11wt. % in the 
Murga gabbros to 20.36 wt. % in the Owendale pyroxenites. These trends are indicative of 
the fractionation of non-Fe-Ti phases. Fe-Ti phases are likely to include magnetite as well as 
ilmenite or titanomagnetite. 
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5.3 Trace Elements and Rare Earth Elements 
Trace element data are summarised in Table 5.3 and full data are seen in Appendix B. Harker 
diagrams were annotated to show fractionation trends between selected compatible and 
incompatible trace elements and rare earth elements plotted against MgO to create a total of 9 
diagrams (Figure 5.5).  
Trace element geochemistry can more capably discriminate between petrological processes 
than major elements because they are essentially immobile during alteration (Rollinson, 
1993). Most commonly trace elements substitute for major elements in rock-forming 
minerals, for example Ni for Mg in olivine (mineral-specific). Elements can be divided into 
incompatible and compatible. Incompatible elements are those that tend to partition into the 
melt or are incompatible with the coexisting solid phase, whereas compatible elements are 
those that preferentially partition into the solid phase coexisting with a melt. Incompatible 
elements include the LIL (light ion lithophile) elements Rb, Ce, Sr and Ba and the HFS (high 
field strength) elements Zr and Nb, and the major elements K and Na. Compatible elements 
include trace elements Ni, Cu, Pt and Cr and the major elements Fe and Mg. Some elements 
vary their behaviour according to which phases are present in the melt; for example, Y and to 
some extent Al are compatible with the presence of garnet but incompatible without it. 
Additionally elements can be viewed according to their behaviour in a subduction setting. 
Conservative elements are those that are not added to the mantle wedge, while non-
conservative elements are those that are preferentially dissolved by hydrothermal fluids and 
added to the mantle wedge during subduction. Some examples of conservative elements are 
Ta, Zr, Hf, Y, heavy REE and Sc. Non-conservative elements include Th, Ce, La and P. Nb 
and Ti can behave anomalously in that they partition into the mantle wedge but lodge there in 
solid phases such as titanoclinohumite. 
5.3.1  Variation Diagrams 
Cr and Ni show positive correlation with MgO indicative of pyroxene and olivine control 
over the melt. The negative correlation for Rb, Sr and Ba are indicative of rejection of these 
elements from olivine and pyroxene as the melt crystallises. The ultramafic rocks again plot 
as a distinct group in most of the diagrams. They do not appear at all on the Zr plot and 
variation in Cr contents for the ultramafic rocks is indicative of variations in pyroxene and 
chromite compositions. Ultramafic rocks have high Ni and Cr values and low values for all 
other elements. The pyroxenites, cumulate rocks and intermediate rocks show smooth trends 
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with little scatter. This indicates that the ultramafic rocks are unrelated to the cumulate phases 
(pyroxenites, gabbros and monzonites).  
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 Cl V Cr Ni Cu Zn Ga Ge As Se Br Rb Sr 
Monzonite/diorite 147.47 304.39 168.84 48.64 64.63 64.42 13.80 1.23 1.43 <1 <1 35.63 1208.09 
Gabbro 56.96 464.51 628.65 115.98 83.44 65.44 8.87 2.10 <1 <1 <1 13.76 239.88 
Pyroxenite 25.90 35.15 878.70 148.10 3.45 19.40 1.20 2.30 <1 <1 <1 0.50 134.85 
Peridotite 429.56 <1 2185.74 1192.60 6.36 41.52 <1 0.66 <1 <1 2.04 0.83 5.48 
 Y Zr Nb Mo Cd Sn Sb Cs Ba La Ce Hf Hg 
Monzonite/diorite 22.26 55.04 4.76 <1 <2 <3 5.30 <4 752.48 17.19 38.71 2.35 <1 
Gabbro 17.98 30.58 2.55 <1 <2 <3 3.40 <4 159.29 13.83 57.70 2.22 <1 
Pyroxenite 2.55 0.70 0.70 <1 <2 <3 <3 <4 21.00 <2 <2 <2 <1 
Peridotite <1 <1 <1 <1 <2 2.87 <3 <4 19.73 16.53 10.80 2.49 <1 
 Pb Bi Th U  
Monzonite/diorite 7.30 <1 3.69 1.82 
Gabbro 1.14 <1 1.33 <1 
Pyroxenite <1 <1 <1 <1 
Peridotite <1 <1 <1 <1 
Table 5.3 Summary table of average trace element concentrations for the four main groupings of igneous rocks in the Fifield intrusive 
suite. All concentrations are ppm.
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 Ba Ce Cr Cs Dy Er Eu Ga Gd Hf Ho 
Monzonite/diorite 765.25 33.32 161.67 0.64 4.06 2.37 1.51 16.10 4.60 1.62 0.79 
Gabbro 180.40 10.80 1170.00 0.41 1.91 1.09 0.65 9.75 2.33 0.85 0.35 
Pyroxenite 0.50 2.10 1050.00 0.02 0.53 0.26 0.19 2.40 0.77 0.40 0.07 
Peridotite 5.10 0.90 4315.00 0.03 0.08 <0.03 <0.03 1.55 0.07 <0.2 <0.01 
 La Lu Nb Nd Pr Rb Sm Sn Sr Ta Tb 
Monzonite/diorite 17.45 0.32 5.38 19.00 4.57 39.27 4.53 3.00 1153.25 0.48 0.68 
Gabbro 4.55 0.13 1.55 7.50 1.68 26.40 2.20 1.50 200.10 0.15 0.34 
Pyroxenite 0.80 0.02 0.20 2.20 0.40 0.40 0.77 1.00 143.00 0.10 0.08 
Peridotite 0.70 <0.01 0.30 0.25 0.08 1.35 0.05 1.50 7.35 <0.1 <0.01 
 Th Tm U V Y Yb Zr P K Ti  
Monzonite/diorite 2.26 0.32 0.56 350.33 23.70 2.09 56.33 1501.64 19343.80 5790.86  
Gabbro 0.59 0.11 0.39 501.50 10.15 0.83 29.00 325.47 6754.28 4483.88  
Pyroxenite <0.05 0.05 <0.05 54.00 2.70 0.19 12.00 64.80 83.00 853.38  
Peridotite <0.05 0.01 <0.05 12.50 0.70 0.08 2.00 <0.01 134.23 112.42  
Table 5.4 Summary table of average rare earth element concentrations for the four main groupings of igneous rocks in the Fifield 
intrusive suite. All concentrations are ppm.
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Figure 5.5 Variation diagrams for selected trace elements and rare earth elements. Arrows show 
fractionation trends.  
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5.3.2 Spider plots 
Rare earth summary data can be seen in Table 5.4 and full data from this analysis can be seen 
in Appendix B. Spider plots normalised to chondrite and N-MORB were generated using 
GCDkit (Figure 5.6-5.7). The rocks are plotted as two distinct groups: the ultramafic rocks 
and the mafic-intermediate cumulate rocks. 
Figure 5.6 is the chondrite normalised spider plot using normalising values from Boynton 
(1984). Plotted are the REE values for the ultramafic mantle rocks, a pyroxenite, a gabbro 
and a monzonite. Depletion in the ultramafic rocks and enrichment in the mafic-intermediate 
cumulate rocks indicates that the ultramafic rocks could be the source rock for the cumulate 
rocks. The pyroxenite, gabbro and monzonite show a clear fractionation trend. Enriched 
values in La, Ce and Pr in the ultramafic rocks are indicative of metasomatism, occurring in 
thin section as serpentinite (Figure 4.1B). This was a late stage metasomatism occurring after 
the emplacement of the intrusion. 
Compositions for C1 chondrite, primitive mantle and NMORB were also plotted on the 
chondrite normalised spider plot (values from Sun and McDonough, (1989)). These were 
normalised to chondrite (values from Boynton, 1984) for consistency. The ultramafic rocks 
plot below the C1 chondrite composition while the mafic-intermediate rocks plot above this. 
This indicates that the ultramafic rocks represent a depleted mantle source from which the 
enriched cumulates have been derived.  
Figure 5.7 is the NMORB normalised spider plot using normalising values from Sun and 
McDonough (1989). Elements are plotted in order of increasing compatibility in MORB. Any 
concentration spikes or troughs on the diagram are a result of processes other than normal 
upper mantle decompression melting (Sun & McDonough, 1989). The ultramafic sample 
with the full range of ICPMS trace element data shows enrichment in the LIL and light rare 
earth elements relative to the heavy rare earths, with negative Nb and Ti and positive Sr 
anomalies. This is a pattern typical of ultramafic rocks associated with a subduction related 
environment and contrasts with that found in anhydrous upper mantle. However, this pattern 
is also typical of magmas where water has been involved in the melting process. A significant 
negative P anomaly is also present as P is highly incompatible with olivine. Enriched values 
for the first eight elements on the spider plot are indicative of metasomatism of the ultramafic 
rocks, seen in thin section as serpentinite (Figure 4.1B). 
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Figure 5.6 REE spider plot normalised to chondrite (Boynton, 1984). 
Ultramafic source rocks 
Mafic-intermediate cumulates 
Figure 5.7 REE spider plot normalised to NMORB (Sun and McDonough, 1989). 
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5.4 Interpretation 
Two distinct populations of rocks emerge from the Harker diagrams. First a tight cluster of 
ultramafic rocks sampled from drillcore in the Owendale intrusions. These have MgO 
contents of approximately 40 wt. % and SiO2 contents of approximately 34 wt. %. In thin 
section they show evidence of being completely serpentinised (Figure 4.1B). Second is a 
distinct group of mafic-intermediate rocks showing a regular fractionation trend on Harker 
diagrams (Figures 5.4 and 5.5). The mafic-intermediate rocks can be further separated into 
three groups: pyroxenites, mafic cumulate rocks and intermediate cumulate rocks. The 
pyroxenites contain abundant biotite, suggesting late stage hydration of an initially anhydrous 
alkali basaltic melt. 
The increase in MgO contents from the intermediate rocks (monzonites) to cumulates 
(hornblende gabbros and pyroxenites) to ultramafic rocks indicate that the mafic rocks are 
products of the least evolved magma whereas the intermediate rocks are products of the most 
evolved, fractionated magma. The ultramafic rocks could therefore possibly represent the 
parental magma for the cumulate and intermediate rocks. LOI values indicate that there was a 
greater amount of volatiles in the ultramafic rocks compared to the cumulate and intermediate 
rocks, indicating that these rocks were more easily serpentinised. The possible parental 
magma for the entire rock suite is hypersthene normative and silica oversaturated, as 
evidenced by the nepheline and hypersthene relative proportions generated from a CIPW 
norm. 
In the major and trace element Harker diagrams, there is an obvious separation between the 
ultramafic peridotites and the cumulate phases. The separation of the ultramafic rocks 
supports conclusions made from Figure 5.3 that these rocks may represent an entrained 
mantle source and the possible parental source material from which the mafic cumulate melts 
were extracted. High values for Ni and Cr in the ultramafic rocks provides further evidence 
that these rocks may have been derived from a peridotite mantle source (Wilson, 1989). The 
pyroxenites are separated by a much smaller margin, and come within the fractionation trends 
of the hornblende gabbros and the monzonites. This indicates that they are the early cumulate 
phase and are related to fractionation of the hornblende gabbros and the monzonites, and their 
position on the variation diagrams indicate that cumulates and intermediate rocks may have 
been derived from pyroxenite magma. Smooth fractionation trends for the pyroxenites, 
cumulate rocks and intermediate rocks are indicative of a similar evolution process for the 
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magma from which they are derived, thus indicating that they may be derived from the same 
melt.  
The patterns shown in Figure 5.6 and 5.7 are typical of magmas formed in subduction-related 
tectonic settings (Georgiev et al., 2009). However, they are also typical of water being 
involved in the melting process. Enrichment of the LILs including Cs, Rb, K, Ba and Sr and 
depletion of HSFEs including Nb, Zr and Ti are indicative of a subduction related 
environment and possible crustal involvement in magma evolution (Winter, 2010). Another 
indicator for this is a low Y concentration relative to La and Ce. Nb, Ti and Zr are all semi-
conservative elements during subduction, meaning that they possibly added to the mantle 
wedge but lodge there in Nb, Ti and Zr rich solid phases. Depletions in these elements are 
good indicators of the involvement of water in the melting process, which is common in the 
mantle wedge above a subducting slab. However, this could also occur in other tectonic 
environments such as post-collisional extension and the diapiric rise of mantle material into 
wet sediments (for example, Wang, Chung et al., 1999)). The parental magma for the Fifield 
intrusions is unclear; however previous workers (Crawford et al., 2007) have established an 
affinity of the Fifield intrusions to the Byng Volcanics near Orange, NSW. Similar spinel 
composition has led to the hypothesis that the Fifield intrusions have crystallised from a 
primitive shoshonitic magma (Falloon (2001); referenced in Crawford et al., 2007)).  
5.5 Comparison to other ‘Alaskan-type’ deposits 
‘Alaskan-type’ intrusions around the world have the following geochemical characteristics: 
depletion in incompatible elements, relatively high LIL elements as compared to HSF 
elements and little to no Eu anomaly and negative Nb, Ta, Hf, Zr and Ti anomalies in REE 
spider plots (Eyuboglu et al., 2010; Su et al., 2011; Tian et al., 2011). The geochemistries of 
the cumulate and intermediate rocks from the Fifield ‘Alaskan-type’ intrusions are generally 
consistent with these characteristics. (Eyuboglu et al., 2010) state that peridotites from 
‘Alaskan-type’ intrusions are characterised by < 40 wt. % SiO2, < 31 wt. % MgO, < 0.21 wt. 
% TiO2, up to 600ppm Ni and 3000ppm Cr. Peridotites from the Fifield intrusions (n = 10) 
have an average of 34.1 wt. % SiO2, 40.6 wt. % MgO, 0.01 wt. % TiO2, 1192ppm Ni and 
2213ppm Cr. Higher wt. % for MgO can be accounted for by extensive serpentinisation, 
enriching the peridotite in MgO. High Ni content indicates a fertile mantle source that is in 
equilibrium with upper mantle lithologies. These rocks represent the first products of 
magmatism with olivine fractionation.  
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6 Geochronology 
6.1 Introduction 
The zircon uranium-lead (U-Pb) dating method was utilised in this project to establish an 
accurate and precise date for the Fifield suite of ultramafic-mafic plutonic intrusions. The 
purpose of this is to place the suite in the regional chronostratigraphy, particularly in terms of 
the magmatic evolution of the Macquarie Arc. A K-Ar total rock age of 397±16 Ma for a 
pyroxenite from drill hole FKD2 in the Owendale complex (mistakenly reported as the Tout 
complex) was presented by Thomson (1975), a U-Pb zircon SHRIMP age of 413±5 Ma by 
Fergusson (2005) and an age of ~380 Ma based solely on regional geological relationships 
was proposed for the Murrumbogie complex by Emerson et al., (1979). Glen et al., (2007a) 
present a U-Pb LA-ICPMS zircon age of 444±4 Ma for a pegmatitic monzonite collected 
from the Owendale intrusion. Andrew et al., (1995) suggested that the intrusions could be 
Ordovician due to spatial relationships with Ordovician volcanic rocks. Barron et al., (2007) 
suggested that they are Early Silurian in age due to the similarities with other bodies within 
the Junee-Narromine and Molong Volcanic Belts. Johan et al., (1989) suggested that they are 
Siluro-Devonian but without explanation. These issues are resolved here by an accurate and 
precise U-Pb zircon magmatic age of 439±8.5Ma (Silurian).  
6.2 U-Pb Zircon Geochronology 
For this project, zircon dates were obtained via U-Pb geochronology using the Sensitive High 
Resolution Ion MicroProbe (SHRIMP) at the Australian National University. Zircons grow 
during igneous crystallisation, metamorphism and in high temperature metasomatism, and are 
an ideal mineral for geochronology using uranium-lead dating (King, 2008). This is because 
uranium is incorporated into the crystal lattice of the zircon in trace amounts, usually ≤ 
1000ppm, where lead is not (Eicher, 1968; King, 2008). 238U and 235U then undergoes in situ 
decay to produce uranogenic 206Pb and 207Pb in a closed system (King, 2008).  A disturbed 
system is detected by discordant 238U/206Pb and 235U/207Pb, or the presence of 204Pb. 204Pb is 
non-radiogenic, and if present has been introduced from outside the system. If not corrected 
for, the presence of the common Pb detected by measured 204Pb can result in apparent ages 
that are greater than the true radiometric age of the mineral. 
U-Pb zircon geochronology relies on the process of natural radioactive decay where the 
nucleus of an unstable radioactive isotope will decay or break down at a known rate, 
producing a different isotope. If the isotope produced is unstable, the process will continue 
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until a stable isotope is produced. Rates of isotopic decay are unaffected by other chemical or 
physical parameters (e.g. pressure, temperature).  
The number of times an isotope decays is proportional to the number of atoms of that isotope 
present, leading to the following equation: 
D/P = eλt – 1 
where λ = the decay constant, D = the number of daughter atoms produced, P = the number 
of parent atoms, and t = a given period of time. 
One of the main determining factors for an isotope to be useful for geochronology is the half-
life (time taken for half a given amount of a radioisotope to decay) of the isotope. This is 
related to the decay constant by the following equation: 
T1/2 = ln2/λ 
where T1/2 represents the half-life of the isotope. 
The half-life must be great enough for some parent isotope to remain within the system, but 
small enough so that a measurable amount of daughter isotope is present. The choice of 
isotopic system used is dependent on a number of factors, summarised more fully in 
(Williams, 1998). For this project, the U-Pb isotopic systems were utilised. 
Two independent U-Pb isotopic systems exist: 
238U decays to 206Pb in T1/2 = 4.47 Ga 
and 
235U decays to 207Pb in T1/2 = 704 Ma 
The U-Pb system is particularly well-suited to geochronology because the system is paired. 
This enables a further age determination to be produced using the daughter isotopes 
(207Pb/206Pb), which are then used to perform an internal check on whether or not the system 
has been disturbed. The U-Pb and Pb-Pb age determinations are compared visually with the 
aid of a Tera-Wasserburg (238U/206Pb vs 207Pb/206Pb) concordia diagram. The Tera-
Wasserburg concordia diagram is advantageous in that the data plotted involves only species 
that have been measured (Williams, 1998). This avoids potential systematic error that is 
inherent in the Wetherill 206Pb/238U vs 207Pb/235U plot, where the 235U is calculated from 
measured 238U assuming the modern 235U/238U ratio. 
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6.2.1 Zircon petrography 
The majority of the zircons are prismatic in habit and occur predominantly as subhedral 
fragmented grains. Zircons range from approximately 50 µm to 200µm in length with 
predominant aspect ratios between 2:1 and 3:1. Oscillatory growth zoning is common and is 
seen most clearly in cathodoluminescence imagery (Figures 6.1 and 6.2). Oscillatory zoning 
is a characteristic feature of magmatic zircons (Corfu et al., 2003). Zoning ranges from broad 
(TT2-1.1 and 1.2, Figure 6.1) to oscillatory (TT2-8.1, Figure 6.2), with faint changes in 
luminescence between bands. Finer oscillatory zoning is more dominant. Recrystallised zones 
are rare (TT2-5.1, Figure 6.1). Small blebs of material are evident in TT2-3.1, TT2-4.1 and 
TT2-5.1 (Figure 6.1); these are most likely sulphide inclusions within the zircon. TT-3.1 and 
TT-5.1 also display radial micro-fractures within the structure of the zircon, indicating the 
presence of a xenocrystic core. Xenocrystic cores are common in igneous rocks (Corfu et al., 
2003). 
6.2.2 U-Pb zircon dating 
Zircon U-Pb analyses were undertaken on the SHRIMP II instrument at the Australian 
National University (ANU).  Analyses are obtained through the focusing of a primary beam 
of oxygen ions (O2-) accelerated through 10kV onto a 20µm spot, causing material to be 
ablated from the target. Positively charged ablated material is then extracted with a 10kV 
potential into the mass analyser, where they are focused and filtered according to both energy 
and mass. High sensitivity and mass resolution (to avoid near isobaric interferences) is 
achieved by a large turning radius electrostatic analyser and magnet (summarised by 
Williams (1998)). A set of nine species (Zr2O, 204Pb, background noise, 206Pb, 207Pb, 208Pb, 
238U, ThO and UO, in that order) were determined and repeated six times per analysis. 
Sample TT2 of relatively unaltered hornblende pyroxenite from the Tout intrusion was 
sourced from geographic coordinates -32.7626, 147.4430 within the Tout intrusion (see 
Figure 2.2, Table 3.1). The geological relationship of this intrusion to the other intrusions and 
the country rock is covered in Section 2.3.3. 
A large number of zircons (~400) were extracted at the Australian National University by 
technician Shane Paxton using the methods outlined in Chapter 3. Approximately 150 
igneous zircons were hand-picked and mounted in epoxy resin, polished until a scratch-free 
surface was achieved and coated with a thin layer of gold to facilitate charge dissipation 
during the analysis.  
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Cathodoluminescence images were utilised to target sites suitable for analysis. Priority was 
given to primary igneous zircons with a distinct crystal structure and little alteration. Analysis 
sites are presented in Figures 6.1 and 6.2. Most zircons were analysed only once with the 
exception of grains 1, 2 and 6, upon which multiple analyses were made. 
Twenty-two sites for analysis were selected on igneous zircons (unknowns) from sample TT2 
(a hornblende gabbro from the Tout intrusion) using the built-in reflected light microscope of 
the SHRIMP after inspection of cathodoluminescence imagery. Sites were selected on 
magmatic zircons displaying a distinctive euhedral to subhedral shape to ensure the most 
accurate date possible and were located on oscillatory magmatic growth zones on the outer 
edges of the crystals to provide dates for the most recent igneous growth.  
U and Th abundance was calibrated using zircon SL13 in a set-up mount. Approximately 15 
Temora-2 standards (206Pb/238U age of 416.8±1.1 Ma, (Black et al., 2003)) were also dated at 
a ratio of three unknowns to one standard to ensure correct 206Pb/238U calibration. 206/238U 
calibration error was calculated to be 1.9% based on the Temora-2 standards. This was added 
to counting statistics errors for 206Pb and 238U. Data reduction was undertaken using the ANU 
software ‘PRAWN’ and ‘Lead’. ISOPLOT, an MS Excel plugin developed by Ludwig 
(2003), was used to assess the data and generate Tera-Wasserburg and cumulative Gaussian 
distribution plots (Figure 6.3). The cumulative Gaussian distribution plot was used to assess 
the data visually for validity before the age calculation (spot TT2-7.1 was rejected on the 
basis of this assessment and not included in the final age calculation). A summary of the data 
is seen in Table 6.1. Full results can be seen in Appendix D.
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Figure 6.1 Cathodoluminescence imagery and analysis spots of zircons extracted from sample TT2, a hornblende gabbro from the Tout intrusion 
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Figure 6.2 Cathodoluminescence imagery and analysis spots of zircons extracted from sample TT2, a hornblende gabbro from the Tout 
intrusion 
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Label Site U/ppm Th/ppm Th/U f206 238U/206Pb 207Pb/206Pb AGE 6/38 
TT2-1.1 m, p, f 1124.04 504.92 0.44 0.00016 14.03±0.76  0.056±0.00058 443.96±23.24 
TT2-1.2 m, p, f 918.56 395.27 0.43 0.00002 14.25±0.86 0.056±0.00084 437.14±25.53 
TT2-2.1 m, p 249.71 75.00 0.30 0.0019 14.16±0.63 0.054±0.0018 439.77±18.93 
TT2-2.2 m, p 228.41 68.46 0.30 0.00071 14.00±0.76 0.055±0.0013 444.69±23.34 
TT2-3.1 e, osc, f 140.54 56.38 0.40 0.0027 14.21±0.61 0.054±0.0023 438.26±18.23 
TT2-4.1 e, osc, f 388.58 127.95 0.33 0.0021 14.47±0.71 0.055±0.0015 430.70±20.55 
TT2-5.1 c, rex, p 1311.27 162.08 0.12 0.013 15.05±1.22 0.054±0.0015  414.80±32.62 
TT2-6.1 m, osc, p, f 922.56 484.25 0.52 0.0012 14.28±0.73 0.057±0.0010 436.36±21.63 
TT2-6.2 m, osc, p, f 408.18 114.42 0.28 0.00081 14.05±0.73 0.056±0.0011 443.12±22.20 
TT2-7.1 m, osc, p, f 381.68 192.50 0.50 0.0028 18.65±1.11 0.054±0.0014 336.62±19.50 
TT2-8.1 e, osc, p, f 456.31 151.44 0.33 0.0014 14.29±0.76 0.055±0.00097 436.00±22.32 
TT2-9.1 m, f 402.41 117.93 0.29 0.0013 14.15±0.68 0.053±0.0012 440.07±20.35 
TT2-10.1 m, osc, p, f 311.15 128.06 0.41 0.0011 14.70±0.74 0.056±0.0016 424.18±20.75 
TT2-11.1 e, osc, p 319.56 93.55 0.29 0.0020 14.14±0.57 0.054±0.0016 440.39±17.21 
TT2-12.1 e, anh, f 244.70 76.12 0.31 0.00036 13.99±0.54 0.056±0.0015 445.04±16.59 
TT2-13.1 m, osc, f 281.79 144.14 0.51 0.0036 14.04±0.58 0.055±0.0023 443.67±17.81 
TT2-14.1 e, osc, f 498.05 158.02 0.32 0.0011 14.27±0.83 0.055±0.00089 436.48±24.57 
TT2-15.1 e, osc, p 433.58 144.65 0.33 0.00087 13.96±0.42 0.055±0.0010 445.97±12.90 
TT2-16.1 m, f 2543.93 1022.87 0.40 0.00016 13.97±0.77 0.057±0.00057 445.82±23.88 
TT2-17.1 e, osc, p, f 481.44 252.88 0.53 0.0012 14.07±0.80 0.056±0.0012 443.04±24.40 
TT2-18.1 e, osc, p, f 603.81 204.74 0.34 0.00058 14.16±0.84 0.057±0.00077 439.92±25.39 
TT2-19.1 e, osc, f 1469.92 431.94 0.29 0.0018 14.22±0.48 0.056±0.00066 438.09±14.36 
 439.6 ± 8.5Ma, 95% conf. 
MSWD = 0.101 
Table 6.1 Sample TT2 U-Pb SHRIMP data. c = core, m = middle, e = edge, p = prismatic, anh = anhedral, rex = recrystallised, osc = oscillatory zoned, f 
= fragment. Errors expressed at the 2 sigma level. Sample in italics represents results excluded from the final age calculation. All age calculations are 
Ma. Final age resolved from this data is 439.6 ± 8.5Ma, with 95% confidence. 
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Figure 6.3 Cumulative Gaussian distribution diagram and Tera-Wasserberg concordia 
diagram for ages produced from sample TT2. One spot was rejected on analysis of the 
Gaussian distribution diagram. Dates are seen to be concordant on the Tera-Wasserberg 
concordia diagram. Diagrams produced by A. Nutman. 
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6.3 Interpretation 
Twenty-two analyses were undertaken on a total of nineteen zircons (Table 6.1). The 
analyses show results typical of igneous zircon, with moderate to high U (250-2500ppm) and 
Th/U ratios of between 0.2 and 0.55. All U-Pb isotopic data are concordant within error 
(Figure 6.3); with the exception of one analysis (TT2-7.1) they form a single population with 
indistinguishable 206Pb/238U. Analysis TT2-7.1 was undertaken on the middle of a grain and 
is interpreted as a disturbed domain within the main population that has lost some radiogenic 
Pb. The remaining twenty analyses gave a weighted mean 206Pb/238U age of 439.6±8.5Ma 
with 95% confidence. These zircons are interpreted to represent a single population that grew 
during magmatic crystallisation of the intrusion at 439.6±8.5Ma.  
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7 Discussion 
7.1 Origin of the Fifield intrusions 
The Fifield intrusions are generally regarded as ‘Alaskan-type’ intrusions (Elliott et al., 1991; 
Suppel & Barron, 1986). There have been several hypotheses put forward for the 
emplacement of ‘Alaskan-type’ intrusions. These are outlined in Murray (1972) and are as 
follows: 1) a sequence of multiple intrusions produced by fractional melting of the mantle, 
proposed by Ruckmick and Noble (1959) and Taylor (1967); 2) the differentiation of 
ultramafic magma by vapour transfer, proposed by Walton (1951); 3) the gravitational 
fractionation of a series of intrusions sourced from ultramafic magmas of similar 
composition, proposed by Irvine (1963); 4) the fractional crystallisation of a single ultramafic 
magma, proposed by Findlay (1969); and finally 5) flow differentiation and fractional 
crystallisation of ultramafic magma in the feeder pipes of andesitic volcanoes, proposed by 
Murray (1972). Irvine (1974) suggested a diapiric re-emplacement mechanism similar to that 
proposed by Ruckmick and Noble (1959) and Taylor (1967). Murray (1972) identifies several 
issues with hypotheses 2, 3 and 4 above, concerning the composition of the parental magma 
for the intrusions. Melting experiments (Murray, 1972) show that partial melting of mantle 
source rocks produces olivine normative basaltic melts rather than ultramafic magmas. On 
this basis the ultramafic rocks are not related to the cumulate phases via progressive 
fractional crystallisation, forming dunite followed by pyroxenite, gabbro, diorite and 
granitoid rocks. However, Presnall (1966) found that under experimental conditions the 
observed sequence of rock types in an ‘Alaskan-type’ intrusion can be produced by low-
pressure fractionation of a single ultramafic magma, contradicting the multiple intrusion 
hypothesis put forward by Ruckmick and Noble (1959) and Taylor (1967) and providing 
support for the hypothesis put forward by Findlay (1969).  
A proposed genesis for the Fifield ‘Alaskan-type’ intrusions is shown in Figure 7.1. 
Geochemical evidence from the Fifield intrusions suggests that the cumulate and intermediate 
phases are genetically related via fractionation of a primitive melt, but the serpentinised 
ultramafics plot as a distinctly separate cluster, unrelated to the cumulate phases. The 
positions of the ultramafic phase on Harker diagrams (Figures 5.4 and 5.5) and chromite 
chemistry suggest that they could represent a depleted mantle source for the cumulate and 
intermediate rocks (Figure 5.6), also suggesting that the pyroxenites are the first products of 
fractional crystallisation from a magma that was extracted from an initially fertile mantle 
lherzolite source that was depleted by the melt extraction process leaving a residual 
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hazburgitic material (represented by the serpentinised ultramafic rocks). With continued 
fractionation, the pyroxenites evolved into gabbroic, dioritic and monzonitic compositions. 
This leads to the formation of a model for the origin of the Fifield ‘Alaskan-type’ intrusions 
(Figure 7.1), where in an extensional setting upper mantle rose diapirically through the crust 
consisting of Girilambone Group turbidites. Abundant water within the surrounding turbidites 
of the Girilambone Group is absorbed into the anhydrous mantle diapir, lowering the melting 
point and initiating partial melting. This melt accumulates above and around the mantle diapir 
rising further up through the crust and begins to undergo fractional crystallisation. This gives 
a complex assemblage of related magma and source mantle rocks and produces the cumulate 
phases starting with pyroxenite and progressing into gabbro, diorite and finally monzonite.  
Dioritic rocks are not seen in many ‘Alaskan-type’ intrusions worldwide (e.g Ishiwatari & 
Ichiyama, 2004). The presence of a dioritic association at Fifield indicates that the Fifield 
intrusions are most likely a more fractionated example of an ‘Alaskan-type’ intrusion. 
Magma with a relatively low initial concentration of dissolved water will take longer to reach 
saturation point and therefore undergoes a longer period of fractional crystallisation (Robb, 
2009). Even lower initial magmatic water compositions may result in the production of 
abundant intermediate-felsic magmatic compositions and the development of alkali porphyry 
Cu-Au deposits (Candela & Holland, 1986) such as those at Cadia and Parkes (Crawford et 
al., 2007). 
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Figure 7.1 Conceptual model for the origin of the Fifield Alaskan-type intrusions. Anhydrous enriched mantle peridotite 
rises as a solid but ductile diaper into the wet sediments of the Girilambone Group. The interaction of hot mantle material 
with water-rich turbidites released water and initiates partial melting of the peridotite to produce a basaltic melt. Fractional 
crystallisation results in progressive crystallisation of pyroxenite followed by gabbro, diorite and monzonite.  
H2O 
Peridotite 
Girilambone Group 
turbidites 
Gabbro 
Monzonite/diorite 
Pyroxenite 
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7.2 Tectonogenesis of the Fifield intrusions 
There are two schools of thought for the tectonogenesis of the Fifield ‘Alaskan-type’ 
intrusions. The first is that they are associated with island arc magmatism and possibly form 
the root of arc volcanoes (Barron et al.,2007; Glen et al.,2007a). The second is that of post-
collisional extension related magmatism (Crawford et al.,2007), in a manner similar to the 
extensional, post-collisional environment in northern Taiwan (Wang et al.,1999).  
Some studies attribute the emplacement of the Fifield ‘Alaskan-type’ intrusions as a result of 
subduction from an east dipping subduction zone during the first phase of the Benambran 
Orogeny (Barron et al., 2007; Glen et al., 2007). Hence the intrusions are thought to represent 
feeder pipes to early Silurian arc-type volcanoes from which the distinctive shoshonitic lavas 
of the Nash Hill Volcanics near Parkes NSW were erupted (Barron et al., 2007). The Fifield 
arc must have been short-lived as there is negligible volcanic detritus associated with the 
Fifield intrusions. Exhumation of the Fifield intrusions had occurred by the late Silurian, 
which would require rapid erosion of any volcanic association.  
The U-Pb SHRIMP zircon age of 439.6±8.5 Ma obtained in this project indicates they are 
post-Benambran in age, as suggested by Crawford et al., (2007). Geological evidence 
supports this post-Benambran emplacement interpretation in that the Fifield intrusives lack 
any significant deformation or pervasive fabric associated with the widespread Benambran 
Orogeny which was responsible for the intense deformation and metamorphism of the 
surrounding host rocks of the Girilambone Group.  
A modern-day analogy for post-collisional lithospheric extension giving rise to shoshonitic 
volcanism can be observed in northern Taiwan (Wang et al., 1999). Oblique collision of the 
Luzon Arc with the Eurasian continent is actively occurring in the south-eastern portion of 
Taiwan. The Luzon Arc is active to the south of Taiwan but extinct following accretion onto 
the Eurasian continent to the north. The entire process of arc collision from subduction to 
accretion and orogenesis to post-collisional extension can take as little as 8 million years to 
complete (Dewey, 2005). 
The quantum tectonics model proposed by Aitchison and Buckman (2012) can provide the 
basis for an extensional environment. During the Ordovician, an east-dipping subduction 
zone is responsible for the formation of the Macquarie Arc outboard of Gondwana as an 
exotic terrane while sediments of the Girilambone Group and Adaminaby Group accumulate 
as a continental, passive margin. The Macquarie Arc overrides the Gondwanan margin 
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turbidites during arc-continent collision (which is responsible for the Benambran Orogeny). 
This is followed by a subduction flip in the Early Silurian, initiating a period of regional 
extension and eventual intrusion of widespread S- and I- type Siluro-Devonian granites.  It is 
in the extensional period immediately following the accretion of the Macquarie Arc that the 
author proposes the Fifield ‘Alaskan-type’ intrusions were emplaced and therefore escaped 
deformation associated with the Benambran Orogeny. Evidence for regional extension is seen 
in the form of the 540 km long Fifield Belt extending from north of Condobolin to south of 
Bourke (Figure 2.1) (Crawford et al., 2007). 
Extension-related partial melting of a diapirically rising, enriched mantle source is facilitated 
by the addition of fluids from the surrounding sedimentary rocks of the Girilambone Group. 
Partial melting of mantle diapirs produces an alkali basaltic melt from which cumulate phases 
of pyroxenite, gabbro and monzonite are crystallised. 
7.3 Mineralisation 
The source of mineralisation in the Fifield ‘Alaskan-type’ intrusions is unclear. Although 
studying mineralisation was beyond the scope of this project, some inferences can be made 
according to petrography and literature. Platinum group element mineralisation in the Fifield 
intrusions is associated with sulfides. Figures 4.3B and 4.4B show sulfide in equilibrium with 
magnetite, indicating that sulfide deposition is coeval with magnetite crystallisation. The 
relationship of the magnetite to the host rock (pyroxenite) indicates an influx of sulfide-
bearing fluid from the Girilambone Group turbidites synchronous with the crystallisation of 
interstitial magnetite. Interaction with the Girilambone Group could have resulted in the 
assimilation of sulfur and carbon. Carbon is needed to reduce oxygen fugacity to levels where 
sulfides are stable, and the addition of sulfur is essential for the generation of Cu-Ni-PGE 
deposits as ‘Alaskan-type’ intrusions are characteristically low-sulfide systems (Thakurta et 
al., 2008). Progressive fractionation of olivine and clinopyroxene will also enrich the melt in 
Cu and PGEs, as these are incompatible in these solid phases.  
Johan et al., (1989) and Slansky et al., (1991) provide the most comprehensive study of 
platinum-group elements and minerals within the Fifield intrusive suite. Johan et al., (1989) 
identified a new type of PGE mineralisation within the Fifield intrusions occurring in ‘P-
Units’ (described in Chapter 1). These P-units are not enriched in base metal sulfides with 
respect to the surrounding clinopyroxenes. The most common base metal sulfides are cobalt 
pentlandite, cobaltian pentlandite, pyrrhotite, pyrite, chalcopyrite, sphalerite and cobaltite. 
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Deposition of early stage PGM (platinum group minerals) (erlichmanite, Pt-Fe alloys and 
cooperite) is hypothesised to be from a fluid-rich system just before the ceasing of 
clinopyroxene crystallisation. Reaction of these early PGMs with a fluid phase results in late-
stage PGM dominated by sperrylite-geversite largely replacing cooperite. Isoferroplatinum is 
a reaction product during this metasomatic replacement indicating a high iron activity. It is 
hypothesised that the mineralisation is related to a reducing phase during the final stages of 
P-unit evolution emplaced within oxidised pyroxenites. 
Slanksy et al., (1991) observe PGM associations within nuggets collected from a corridor to 
the south-southeast of Fifield, covering an area that includes the Platina and Gillenbine Tank 
Leads (Figure 1.2) as well as an area known as ‘Jack’s Lookout’ further to the north. These 
leads were a significant source of platinum and gold. Isoferroplatinum is the primary PGM, 
occurring as the matrix mineral in the nuggets. The chemistry of isoferroplatinum in both 
these nuggets and the P-units of Johan, are different, indicating a different source for the two 
instances of PGM. Accessory PGM are native (Pt bearing) osmium, osmiridium, iridosmine, 
laurite and bowieite. Ir, Os, Pt alloys occur as exsolutions. Euhedral chromite inclusions are 
present in two of twenty nuggets analysed by microprobe analysis. Laurite and bowiete are 
rare and occur as early formed crystals in the matrix. The difference in mineral species 
occurrence between the nuggets and the P-units is another indication of a different source of 
PGM; only isoferroplatinum is common between the two. The coexistence of iridosmine and 
osmiridium in isoferroplatinum indicates a high temperature origin, estimated at around 
800°C. Chromite compositions were seen to be consistent with those formed within dunites. 
Nuggets are thought to be primary mineralisation, i.e. characteristic of the source. They 
average millimetres in size and show scarring and pitting most likely from leaching and 
removal of material from the surface of the grains. Therefore, PGE mineralisation in the 
Fifield intrusions is considered to be derived from two different sources. 
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8 Conclusion 
The Fifield ‘Alaskan-type’ intrusions are characterised in terms of petrography, geochemistry 
and U-Pb SHRIMP zircon dating. The observed crystallisation sequence for the Fifield 
intrusions is characteristic of ‘Alaskan-type’ intrusions, and comprises olivine, 
clinopyroxene, orthopyroxene, amphibole, plagioclase, K-feldspar and quartz with minor 
biotite, magnetite, chromite and sulfide phases. The parental magma for the Fifield intrusions 
is shoshonitic in character and there is a well-developed fractionation trend on Harker 
diagrams linking the cumulate phases (pyroxenite-gabbro-diorite-monzonite) as being 
derived from a common magmatic source. However the serpentinised peridotite samples from 
the Owendale intrusion are distinctly unrelated to the cumulate phases. REE patterns of these 
two groups of rocks indicate that the peridotites are slightly depleted with respect to chondrite 
normalised mantle while cumulates are correspondingly enriched. This observation leads to 
the conclusion that the peridotite represents the residual mantle material from which the 
cumulate melts were extracted and hence there is an inverse relationship between the relative 
concentrations of incompatible elements between the residual mantle peridotite and the 
cumulate melts that were extracted from the peridotite. This differs from previous 
interpretations that suggest the peridotites are the first cumulate phase (dunite) to crystallise 
from a common magma source. Zircons extracted from a hornblende gabbro from the Tout 
intrusion give an age of 439.6 ± 8.5 Ma. The lack of any deformation or internal fabric within 
these intrusions indicates they were emplaced after the Benambran Orogeny which was 
responsible for the intense deformation observed in the surrounding Girilambone Group. PGE 
mineralisation occurs in two forms; as primary mineralisation interpreted to have originated 
via deposition of sulfides sourced from post-crystallisation hydrothermal alteration fluid and 
as nuggets in placer deposits. Nuggets have a different chemistry to primary mineralisation 
indicating a different source. Therefore, PGE mineralisation in the Fifield intrusions is 
considered to be derived from two different sources. 
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Sample: KG 1.2 
Source: Drill core FKD1 from 273.55 m down hole. 
GPS co-ordinates: -32.7244, 147.4517 
Hand specimen: Biotite-magnetite-pyroxenite. Fine grained greenish grey in colour. 
Phenocrysts of biotite are visible. 
Thin section: Composed principally of clinopyroxene with replacement by amphibole around 
the edges. Biotite comprises the next major component and is interstitial to the 
clinopyroxene. Oxides comprise approximately 15% of the rock and are interpreted to be 
magnetite. Clinopyroxene crystallised first followed by biotite and magnetite. Amphibole 
replacement occurred due to the addition of fluid to the rock after crystallisation. Px – 
clinopyroxene, A – amphibole, Ox – oxide.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
104 
 
Sample: KG 2.2 
Source: Drill core FKD2 from 150.77 m down hole 
GPS co-ordinates: -32.7253, 147.4511 
Hand specimen: Biotite-magnetite-pyroxenite. The sample is fine grained, dark grey in colour 
with fine bands of chlorite alteration running diagonally through it. Flecks of biotite are 
visible. 
Thin section: The sample is composed principally of fine grained clinopyroxene, 
orthopyroxene and remnant olivine. Small veins of chloritisation are evident in thin section. 
Large phenocrysts of orthopyroxene are present in altered groundmass. Biotite is interstitial. 
Olivine crystallised first followed by clinopyroxene and orthopyroxene. Biotite crystallised 
interstitially with the addition of water to the melt during chloritisation. Cpx – clinopyroxene, 
Opx – orthopyroxene, Cl – chloritisation 
Op
 
Cp
 
Cl 
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Sample: KG 2.4 
Source: Drill core FKD2 from 201.93 m down hole 
GPS co-ordinates: -32.7253, 147.4511 
Hand specimen: Dark grey, fine grained pyroxenite with biotite rich zones visible with the 
naked eye. 
Thin section: Sample is composed principally of clinopyroxene and orthopyroxene with 
interstitial opaques interpreted to be magnetite. Pyroxene grains are anhedral and show 
evidence of chloritisation. Minor chlorite veining is present, indicative of high temperature 
hydrothermal alteration. Cpx – clinopyroxene, Cl – chlorite, M - magnetite 
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Sample: KG 2.5 
Source: Drill core FKD2 from 181.21m down hole 
GPS co-ordinates: -32.7253, 147.4511 
Hand specimen: Fine grained pyroxenite, dark grey in colour with minor chloritisation. 
Flecks of biotite are visible. 
Thin section: Sample is composed principally of clinopyroxene and orthopyroxene 
phenocrysts, situated in a groundmass of remnant olivine, chlorite and minor interstitial 
plagioclase and magnetite. Pyroxenes are subhedral to anhedral in shape and show minor 
chloritisation. Olivine crystallised first, followed by clinopyroxene, orthopyroxene, 
plagioclase and magnetite. Chloritisation is a result of high temperature hydrothermal 
alteration. Cpx – clinopyroxene, Opx – orthopyroxene, Pl – plagioclase, Cl - chlorite 
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Sample: MU07 
Source: Outcrop 
GPS co-ordinates:  
Hand specimen: Hornblende gabbro. The sample is relatively equigranular with phenocrysts 
of K-feldspar in a groundmass of white and green-grey speckled material. 
Thin section: Sample is composed of clinopyroxene, orthopyroxene, hornblende, K-feldspar 
and minor quartz and what is interpreted to be titanomagnetite or ilmenite. The groundmass is 
composed of altered clinopyroxene, hornblende and feldspar. Hornblende phenocrysts are 
predominantly embayed and contain inclusions. Clinopyroxene is present as whole grains and 
as inclusions within hornblende. Quartz is present interstitially in the groundmass. 
Titanomagnetite/ilmenite is interstitial. Clinopyroxene crystallised first followed sequentially 
by orthopyroxene, hornblende and K-feldspar. Quartz crystallised interstitially along with 
accessory minerals titanomagnetite/ilmenite. Cpx – clinopyroxene, Hbl – hornblende, K-f – 
K-feldspar 
 
Hbl 
K-f 
Cpx 
Cpx 
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Sample: TT1 
Source: Outcrop 
GPS co-ordinates: -32.7483, 147.3818 
Hand specimen: Monzonite. Equigranular, white and grey speckled appearance. Phenocrysts 
of pyroxene are visible. 
Thin section: Sample is composed principally of a fine grained matrix of plagioclase and K-
feldspar with phenocrysts of clinopyroxene, orthopyroxene and minor amphibole. Small 
amounts of biotite, opaques and remnant olivine are also present. Biotite and opaques are 
interstitial. Olivine crystallised first, followed by clinopyroxene, orthopyroxene, amphibole, 
plagioclase, K-feldspar, biotite and opaques. The presence of biotite indicates a more hydrous 
melt. This sample is texturally identical to sample SY02. Cpx – clinopyroxene, Opx – 
orthopyroxene, Pl – plagioclase, K-f – K-feldspar, Op – opaques, Bi – biotite. 
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Sample: TT01 
Source: Outcrop 
GPS co-ordinates: -32.7222, 147.2919 
Hand specimen: Pegmatitic monzodiorite containing K-feldspar.  
Thin section: sample is composed principally of clinopyroxene, hornblende, plagioclase laths 
and K-feldspar. Feldspar comprises approximately 50% of the rock with clinopyroxene and 
hornblende making up the remainder. Clinopyroxene is predominantly enclosed within 
hornblende grains although some embayed whole grains can be seen. Hornblende is 
predominantly sub to anhedral tabular grains. Plagioclase laths have been heavily sericitised 
and are randomly oriented within interstitial K-feldspar. Clinopyroxene crystallised first 
before becoming embayed and enclosed in hornblende, which crystallised next. Plagioclase 
laths and interstitial K-feldspar followed. Cpx – clinopyroxene, Hbl – hornblende, Pl – 
plagioclase, K-f – K-feldspar 
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Sample: TT02 
Source: Outcrop 
GPS co-ordinates: -32.7467, 147.3833 
Hand specimen: Monzodiorite. The sample is equigranular and mostly grey in colour with 
some white speckles. 
Thin section: Sample TT02 is composed of an aggregate groundmass of clinopyroxene, 
orthopyroxene, plagioclase and K-feldspar with accessory opaques and what has been 
interpreted as titanomagnetite or ilmenite. Subhedral phenocrysts of clinopyroxene comprise 
a small portion of the rock (approximately 20%). Clinopyroxene crystallised first followed by 
orthopyroxene, plagioclase and K-feldspar. This aggregated around clinopyroxene 
phenocrysts. Cpx – clinopyroxene, Ti – titanomagnetite/ilmenite 
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Sample: TT05 
Source: Outcrop 
GPS co-ordinates: -32.7314, 147.2994 
Hand specimen: Hornblende monzonite. The sample is fine grained and relatively 
equigranular. Small grains of what is thought to be pyroxene are visible in the grey and white 
speckled rock. 
Thin section: In thin section the sample is composed of euhedral to anhedral hornblende 
grains containing inclusions of embayed clinopyroxene. Some hornblende is twinned. Most 
of the clinopyroxene is included within hornblende and embayed. Plagioclase laths and 
interstitial K-feldspar comprise the remainder of the rock. Plagioclase laths are randomly 
oriented and sericitised. Clinopyroxene crystallised first before becoming embayed and was 
followed sequentially by hornblende crystallising around the embayed grains, plagioclase and 
K-feldspar. Plagioclase was then sericitised. Cpx – clinopyroxene, Hbl – hornblende, Pl – 
plagioclase, K-f – K-feldspar. 
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Sample: TT06 
Source: Outcrop 
GPS co-ordinates: -32.7398, 147.3502 
Hand specimen: Monzonite. The sample is equigranular with minor veining visible in hand 
specimen. It is composed of approximately equal amounts of white and dark grey material. 
Thin section: in thin section the sample is composed of clinopyroxene, hornblende, 
plagioclase and K-feldspar. Clinopyroxene is present as embayed inclusions within sub to 
anhedral hornblende grains showing characteristic cleavage. Plagioclase is present as 
anhedral twinned grains. K-feldspar is present interstitially. Clinopyroxene crystallised first 
followed sequentially by hornblende, plagioclase and K-feldspar. Cpx – clinopyroxene, Hbl – 
hornblende, Pl – plagioclase, K-f – K-feldspar 
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Result Type Weight % 
 
Spectrum Label Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4 Spectrum 5 Spectrum 6 Spectrum 7 
O 32.24 31.37 32.24 35.15 55.17 29.63 54.29 
Mg   4.23 4.09 24.89  25.52 
Al   3.77 3.64    
Si 0.34    17.51  18.98 
Ca     0.28   
Ti   0.34 0.39    
Cr  2.41 31.79 29.72    
Mn  0.06 0.41 0.57 0.15  0.00 
Fe 67.42 66.16 27.22 26.44 1.99 70.37 1.21 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
 
Statistics O Mg Al Si Ca Ti Cr Mn Fe 
Max 55.17 25.52 3.77 18.98 0.28 0.39 31.79 0.57 70.37 
Min 29.63 4.09 3.64 0.34 0.28 0.34 2.41 0.00 1.21 
Average 38.58        37.26 
Standard 
Deviation 
11.15        30.56 
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Result Type Weight % 
 
Spectrum Label Spectrum 8 Spectrum 9 Spectrum 10 Spectrum 11 Spectrum 12 
O 28.72 27.97 26.65 27.37 26.62 
Mg 4.44 3.35 3.44 3.34 3.01 
Al 3.71 3.49 3.44 3.24 3.26 
Ti  0.48 0.29 0.25 0.45 
Cr 35.00 30.06 35.49 35.35 32.00 
Mn     0.44 
Fe 28.12 33.57 30.69 30.45 33.10 
Zr  1.07   1.13 
Total 100.00 100.00 100.00 100.00 100.00 
 
Statistics O Mg Al Ti Cr Mn Fe Zr 
Max 28.72 4.44 3.71 0.48 35.49 0.44 33.57 1.13 
Min 26.62 3.01 3.24 0.25 30.06 0.44 28.12 1.07 
Average 27.47 3.52 3.43  33.58  31.19  
Standard 
Deviation 
0.90 0.54 0.19  2.43  2.21  
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Result Type Weight % 
 
Spectrum Label Spectrum 13 Spectrum 14 
O 27.79 25.06 
Mg 3.68 4.05 
Al 3.07 2.97 
Ti 0.39 0.38 
Cr 35.01 36.96 
Mn  0.42 
Fe 30.07 29.09 
Zr  1.07 
Total 100.00 100.00 
 
Statistics O Mg Al Ti Cr Mn Fe Zr 
Max 27.79 4.05 3.07 0.39 36.96 0.42 30.07 1.07 
Min 25.06 3.68 2.97 0.38 35.01 0.42 29.09 1.07 
Average 26.43 3.86 3.02 0.38 35.98  29.58  
Standard 
Deviation 
1.93 0.26 0.07 0.01 1.38  0.69  
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Result Type Weight % 
 
Spectrum Label Spectrum 1 Spectrum 2 
O 28.28 27.88 
Mg 3.58 3.85 
Al 2.73 2.92 
Cr 32.34 33.77 
Fe 31.54 29.73 
Zr 1.52 1.86 
Total 100.00 100.00 
 
Statistics O Mg Al Cr Fe Zr 
Max 28.28 3.85 2.92 33.77 31.54 1.86 
Min 27.88 3.58 2.73 32.34 29.73 1.52 
Average 28.08 3.72 2.82 33.05 30.64 1.69 
Standard 
Deviation 
0.29 0.19 0.13 1.01 1.28 0.24 
 
                                                  9/11/2014 
142 
 
KG4.1_1 
 
 
                                                  9/11/2014 
143 
 
KG4.1_1 
 
 
 
 
 
144 
 
 
 
 
 
 
 
 
APPENDIX B 
 
GEOCHEMICAL DATA 
 
145 
 
 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 LOI Total Mg# 
MU01 3.37 7.02 13.57 47.36 0.17 < 0.01 0.15 8.72 1.76 0.19 13.63 4.17 100.13 34.00 
MU05 1.29 13.04 8.59 49.08 0.10 0.01 0.64 15.39 0.72 0.19 10.54 1.76 101.34 55.31 
MU05a 1.22 13.64 8.09 47.74 0.26 0.01 0.57 15.84 0.63 0.18 10.51 1.52 100.21 56.49 
MU06 1.00 11.03 6.02 57.33 0.28 0.05 0.45 11.17 0.38 0.20 9.00 2.53 99.44 55.07 
MU07 2.84 4.71 17.18 53.45 0.29 0.04 1.32 9.19 0.55 0.14 8.11 2.26 100.09 36.72 
MU08 1.48 12.75 10.30 47.10 0.10 0.01 0.87 14.53 0.89 0.16 10.95 1.52 100.67 53.80 
MU09 0.53 13.60 4.40 49.16 0.04 < 0.01 0.14 21.23 0.53 0.18 10.03 1.13 100.96 57.55 
                
TT01 2.08 8.22 12.61 51.53 0.30 0.03 2.91 10.61 0.42 0.17 9.59 1.29 99.76 46.15 
TT02 2.98 4.06 17.56 52.35 0.58 0.02 4.14 8.58 0.69 0.16 9.26 -0.02 100.36 30.51 
TT04 2.77 7.18 14.45 49.98 0.44 < 0.01 1.97 10.67 0.84 0.18 11.57 0.84 100.90 38.29 
TT05 2.16 8.77 12.29 49.39 0.40 0.01 2.19 11.46 0.73 0.23 11.29 1.19 100.11 43.73 
TT06 2.75 5.19 15.31 52.35 0.53 0.01 3.70 9.00 0.71 0.19 10.34 0.58 100.66 33.41 
TT1 3.14 4.02 17.65 52.28 0.60 0.02 4.05 8.53 0.67 0.16 9.13 -0.08 100.17 30.56 
TT2 1.10 14.27 5.77 52.61 0.12 < 0.01 0.53 18.12 0.36 0.14 7.07 0.88 100.98 66.86 
SY02 3.35 3.83 17.47 52.98 0.57 0.01 4.15 8.16 0.66 0.16 8.95 0.09 100.39 29.97 
FFD1 0.15 18.41 1.27 51.52 0.01 < 0.01 0.01 22.72 0.15 0.11 5.32 1.23 100.91 77.57 
FFD2 0.16 19.24 1.31 50.70 0.04 < 0.01 0.01 21.55 0.15 0.11 5.94 1.29 100.50 76.41 
                
MB01 1.72 11.05 9.12 43.21 0.62 0.01 1.28 13.27 1.25 0.22 17.02 0.90 99.67 39.38 
MB02 2.61 7.28 13.03 51.69 0.34 < 0.01 2.84 9.40 0.61 0.17 9.69 1.41 99.08 42.90 
MB03 1.59 11.07 9.20 43.87 0.62 0.01 1.41 12.42 1.32 0.23 17.40 0.84 99.98 38.89 
                
KG1.1 0.39 13.58 3.85 43.13 0.03 < 0.01 0.93 17.96 1.11 0.20 19.47 0.19 100.85 41.09 
KG1.2 0.51 13.15 4.44 41.78 0.03 0.01 1.10 16.93 1.24 0.20 20.36 0.04 99.79 39.25 
KG2.3 1.88 8.55 13.03 46.04 0.15 0.41 0.23 11.56 2.04 0.24 16.77 -0.08 100.82 33.78 
KG2.4 0.95 12.25 5.85 40.86 0.02 0.64 0.33 18.11 1.73 0.21 18.11 1.47 100.55 40.35 
XRF Major Element Data 
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KG2.5 2.06 9.01 13.09 45.51 0.11 0.08 0.19 13.76 1.68 0.21 14.44 0.04 100.18 38.42 
KG3.1 0.02 40.45 0.14 34.24 < 0.01 0.03 0.00 0.29 0.02 0.15 8.85 14.93 99.12 82.06 
KG3.2 0.04 41.11 0.03 34.39 < 0.01 0.03 0.01 0.27 0.01 0.16 9.28 14.75 100.02 81.58 
KG3.3 0.05 40.15 0.21 34.06 < 0.01 0.03 0.04 0.37 0.02 0.15 9.91 14.4 99.39 80.20 
KG3.4 0.09 40.15 0.16 33.99 <0.01 0.03 0.01 0.26 0.02 0.17 10.01 14.30 99.17 80.04 
KG3.5 0.10 39.46 0.25 33.90 < 0.01 0.06 0.02 0.48 0.03 0.17 10.59 14.12 99.17 78.85 
KG4.1 0.04 41.10 0.03 34.06 < 0.01 0.02 0.01 0.29 0.01 0.15 9.27 14.91 99.84 81.60 
KG4.2 0.03 40.93 0.08 34.37 < 0.01 0.03 0.01 0.22 0.01 0.15 9.30 14.70 99.83 81.49 
KG4.3 0.07 41.08 0.03 34.40 < 0.01 0.04 0.01 0.18 0.01 0.16 9.64 14.89 100.50 81.00 
KG4.4 0.04 40.75 0.04 33.92 < 0.01 0.06 0.01 0.08 0.01 0.16 9.61 14.79 99.41 80.91 
KG4.5 0.04 40.99 0.03 33.94 < 0.01 0.09 0.01 0.08 0.01 0.16 9.29 15.04 99.65 81.52 
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Cl V Cr Co Ni Cu Zn Ga Ge As Se Br Rb Sr Y 
MU01 < 2 403 118 47 68 65 101 13 1 1 < 1 < 1 4 106 32 
MU05 54 327 702 65 134 103 44 9 < 1 < 1 < 1 < 1 7 265 20 
MU05a 75 314 656 62 145 91 52 8 < 1 < 1 < 1 < 1 5 241 19 
MU06 87 158 715 60 147 179 63 6 2 < 1 < 1 < 1 7 131 31 
MU07 2 210 110 33 24 50 61 15 1 < 1 < 1 < 1 34 745 18 
MU08 87 407 494 71 98 148 44 10 < 1 < 1 < 1 < 1 13 338 20 
MU09 4 341 619 62 149 6 37 8 2 < 1 < 1 < 1 3 192 12 
TT01 106 290 343 56 50 62 61 12 1 < 1 < 1 < 1 45 1475 16 
TT02 47 213 34 40 13 58 32 16 < 1 < 1 < 1 < 1 44 2195 17 
TT04 182 332 211 52 59 37 78 15 2 < 1 < 1 < 1 37 1582 24 
TT05 127 319 419 55 105 63 78 12 2 < 1 < 1 < 1 51 1062 22 
TT06 565 298 91 45 35 116 69 15 < 1 1 < 1 < 1 66 1701 27 
TT1 63 225 31 46 12 60 25 14 < 1 < 1 < 1 < 1 43 2204 17 
TT2 1 170 1941 51 122 8 38 6 2 < 1 < 1 < 1 9 275 10 
MB01 125 571 329 62 54 28 97 14 2 < 1 < 1 < 1 11 413 23 
MB02 157 269 311 41 70 100 70 10 1 2 < 1 < 1 46 1017 17 
MB03 124 577 336 63 51 48 104 12 2 < 1 < 1 < 1 13 446 23 
SY02 79 219 31 48 13 53 23 16 < 1 < 1 < 1 < 1 48 2042 18 
KG1.1 < 2 713 481 72 140 11 68 8 2 < 1 < 1 < 1 37 87 10 
KG1.2 2 763 423 59 149 14 99 8 2 < 1 < 1 < 1 44 87 10 
KG2.3 < 2 465 72 65 54 84 93 15 1 < 1 < 1 < 1 8 191 30 
KG2.4 12 769 219 71 88 284 73 10 2 < 1 < 1 < 1 3 165 20 
KG2.5 < 2 410 257 61 81 28 81 13 1 < 1 < 1 < 1 2 177 29 
XRF Trace Element Data 
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KG3.1 375 < 1 3033 117 1261 5 37 < 1 < 1 < 1 < 1 2 < 1 4 < 1 
KG3.2 450 < 1 914 118 1214 6 35 < 1 < 1 < 1 < 1 2 1 5 < 1 
KG3.3 369 < 1 1856 113 1187 7 33 < 1 < 1 < 1 < 1 2 2 9 < 1 
KG3.4 451 < 1 6672 114 1274 6 57 < 1 < 1 < 1 < 1 2 1 7 < 1 
KG3.5 419 < 1 3656 120 1143 11 48 < 1 1 < 1 < 1 2 1 8 < 1 
KG4.1 418 < 1 1410 113 1192 5 34 < 1 < 1 < 1 < 1 2 < 1 5 < 1 
KG4.2 438 < 1 430 112 1193 6 45 < 1 1 < 1 < 1 2 1 5 < 1 
KG4.3 486 < 1 759 110 1150 5 37 < 1 1 < 1 < 1 2 1 5 < 1 
KG4.4 456 < 1 1624 113 1177 6 40 < 1 1 < 1 < 1 2 1 3 < 1 
KG4.5 435 < 1 1503 110 1135 6 50 < 1 1 < 1 < 1 2 < 1 4 < 1 
FFD1 27 40 992 63 133 3 17 1 2 < 1 < 1 < 1 1 129 2 
FFD2 25 31 766 63 163 4 22 2 2 < 1 < 1 < 1 < 1 141 3 
 Zr Nb Mo Cd Sn Sb Cs Ba La Ce Hf Ta W Hg Pb 
MU01 103 7 < 1 < 2 < 3 < 3 < 4 46 8 18 5 4 21 < 1 < 1 
MU05 33 2 < 1 < 2 < 3 3 < 4 131 8 < 2 2 7 60 < 1 1 
MU05a 26 2 < 1 < 2 < 3 4 < 4 124 < 2 < 2 3 6 55 < 1 < 1 
MU06 83 3 < 1 < 2 < 3 < 3 < 4 144 24 121 3 12 84 < 1 2 
MU07 85 6 < 1 < 2 < 3 < 3 < 4 823 23 48 3 3 69 < 1 4 
MU08 32 2 < 1 < 2 < 3 < 3 < 4 145 < 2 18 3 10 67 < 1 1 
MU09 17 1 < 1 < 2 < 3 < 3 < 4 50 19 < 2 < 2 < 2 43 < 1 < 1 
TT01 25 2 < 1 < 2 < 3 < 3 < 4 1241 11 < 2 1 4 102 < 1 10 
TT02 < 1 < 1 < 1 < 2 < 3 < 3 < 4 1259 11 24 < 2 3 104 < 1 8 
TT04 43 7 < 1 < 2 < 3 < 3 < 4 580 < 2 32 2 2 82 < 1 6 
TT05 51 5 < 1 < 2 < 3 < 3 < 4 628 29 42 2 4 53 < 1 4 
TT06 55 5 < 1 < 2 < 3 < 3 < 4 954 20 49 2 11 111 < 1 11 
TT1 < 1 < 1 < 1 < 2 < 3 < 3 < 4 1269 30 < 2 2 5 157 < 1 8 
TT2 23 2 < 1 < 2 < 3 < 3 < 4 109 < 2 < 2 < 2 < 2 76 < 1 3 
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MB01 42 6 < 1 < 2 < 3 < 3 < 4 225 4 32 1 1 72 < 1 1 
MB02 40 6 < 1 < 2 < 3 5 < 4 952 14 35 3 7 60 < 1 7 
MB03 42 6 < 1 < 2 < 3 < 3 < 4 320 < 2 60 1 3 39 < 1 1 
SY02 < 1 1 < 1 < 2 < 3 < 3 < 4 1168 < 2 62 < 2 2 184 < 1 9 
KG1.1 10 1 < 1 < 2 < 3 < 3 < 4 211 < 2 < 2 1 < 2 80 < 1 1 
KG1.2 9 1 < 1 < 2 < 3 < 3 < 4 255 < 2 < 2 1 < 2 30 < 1 < 1 
KG2.3 41 5 < 1 < 2 < 3 < 3 < 4 76 22 < 2 4 5 110 < 1 < 1 
KG2.4 19 2 < 1 < 2 < 3 < 3 < 4 38 < 2 < 2 4 20 49 < 1 < 1 
KG2.5 53 5 < 1 < 2 < 3 < 3 < 4 34 4 < 2 2 2 58 < 1 < 1 
KG3.1 < 1 < 1 < 1 < 2 3 < 3 < 4 18 < 2 < 2 3 5 8 < 1 < 1 
KG3.2 < 1 < 1 < 1 < 2 4 < 3 < 4 < 2 26 < 2 2 5 5 < 1 < 1 
KG3.3 < 1 < 1 < 1 < 2 < 3 < 3 < 4 < 2 12 < 2 2 4 5 < 1 < 1 
KG3.4 < 1 < 1 < 1 < 2 < 3 < 3 < 4 19 20 12 3 4 4 < 1 < 1 
KG3.5 < 1 < 1 < 1 < 2 < 3 < 3 < 4 23 < 2 < 2 3 3 5 < 1 < 1 
KG4.1 < 1 < 1 < 1 < 2 < 3 < 3 < 4 < 2 < 2 < 2 3 6 6 < 1 < 1 
KG4.2 < 1 < 1 < 1 < 2 3 < 3 < 4 < 2 < 2 < 2 3 1 5 < 1 < 1 
KG4.3 < 1 < 1 < 1 < 2 < 3 < 3 < 4 < 2 < 2 < 2 3 6 7 < 1 < 1 
KG4.4 < 1 < 1 < 1 < 2 < 3 < 3 < 4 < 2 8 10 3 4 5 < 1 < 1 
KG4.5 < 1 < 1 < 1 < 2 < 3 < 3 < 4 < 2 < 2 < 2 2 4 6 < 1 < 1 
FFD1 < 1 < 1 < 1 < 2 < 3 < 3 < 4 < 2 < 2 < 2 < 2 < 2 70 < 1 < 1 
FFD2 1 1 < 1 < 2 < 3 < 3 < 4 21 < 2 < 2 < 2 < 2 43 < 1 < 1 
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  Bi Th U 
MU01 < 1 < 1.0 < 1.0 
MU05 < 1 1.3 < 1.0 
MU05a < 1 0.9 < 1.0 
MU06 < 1 2.8 < 1.0 
MU07 < 1 4.1 1.2 
MU08 < 1 1.2 < 1.0 
MU09 < 1 0.6 < 1.0 
TT01 < 1 5.4 1.8 
TT02 < 1 2 1.5 
TT04 < 1 3.9 1.2 
TT05 < 1 3.5 1.4 
TT06 < 1 5.9 4.1 
TT1 < 1 2.2 1.8 
TT2 < 1 0.6 < 1.0 
MB01 < 1 1.5 < 1.0 
MB02 < 1 3.6 1.4 
MB03 < 1 1.7 < 1.0 
SY02 < 1 2.6 2 
KG1.1 < 1 < 0.1 < 1.0 
KG1.2 < 1 < 1.0 < 1.0 
KG2.3 < 1 < 0.4 < 1.0 
KG2.4 < 1 < 0.3 < 1.0 
KG2.5 < 1 < 0.4 < 1.0 
KG3.1 < 1 < 1.0 < 1.0 
KG3.2 < 1 < 1.0 < 1.0 
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KG3.3 < 1 < 1.0 < 1.0 
KG3.4 < 1 < 1.0 < 1.0 
KG3.5 < 1 < 1.0 < 1.0 
KG4.1 < 1 < 1.0 < 1.0 
KG4.2 < 1 < 1.0 < 1.0 
KG4.3 < 1 < 1.0 < 1.0 
KG4.4 < 1 < 1.0 < 1.0 
KG4.5 < 1 < 1.0 < 1.0 
FFD1 < 1 < 1.0 < 1.0 
FFD2 < 1 < 1.0 < 1.0 
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Ba Ce Cr Cs Dy Er Eu Ga Gd Hf Ho La Lu Nb Nd 
MU01 40.9 19.2 100 1.09 6.08 3.72 1.5 17 5.38 3 1.21 7.6 0.51 8.2 14.1 
TT01 1280 33 350 0.7 2.49 1.58 1.2 13 3.41 1.1 0.5 17.7 0.21 2.9 16 
TT06 990 57.7 110 0.77 4.51 2.38 2.01 17.2 6.24 1.8 0.84 32.1 0.35 6.7 30.8 
TT2 95.8 16.8 1920 0.28 1.76 0.97 0.71 7.5 2.24 1.1 0.33 7.5 0.12 2.2 9.7 
MB02 1005 38.1 300 0.53 2.95 1.69 1.24 13.8 3.69 1.5 0.58 21.8 0.22 6.3 20.8 
SY02 1210 42.2 40 0.2 3 1.6 1.69 18.4 4.1 0.6 0.54 22.6 0.19 1.7 22.3 
KG1.2 265 4.8 420 0.53 2.05 1.2 0.59 12 2.41 0.6 0.37 1.6 0.13 0.9 5.3 
KG2.3 65.6 9.7 70 0.54 5.3 3.27 1.43 17.2 4.8 1.7 1.09 2.9 0.41 6.5 10 
KG3.5 7.8 0.9 7710 0.03 0.08 <0.03 <0.03 2.1 0.07 <0.2 <0.01 0.7 <0.01 0.3 0.4 
KG4.2 2.4 <0.5 920 0.03 <0.05 <0.03 <0.03 1 <0.05 <0.2 <0.01 <0.5 <0.01 <0.2 0.1 
FFD.1 0.5 2.1 1050 0.02 0.53 0.26 0.19 2.4 0.77 0.4 0.07 0.8 0.02 0.2 2.2 
 Pr Rb Sm Sn Sr Ta Tb Th Tm U V W Y Yb Zr 
MU01 2.92 4.6 4.34 2 121.5 0.5 0.96 0.57 0.51 0.19 433 18 35.6 3.24 120 
TT01 4.07 51.5 3.79 1 1580 0.4 0.47 3.38 0.23 0.73 288 92 15.7 1.4 36 
TT06 7.85 70.5 6.78 2 1755 0.6 0.83 4.29 0.31 0.87 329 105 26.5 2.2 66 
TT2 2.35 9.9 2.43 1 309 0.2 0.31 1.13 0.09 0.39 170 65 9.8 0.8 45 
MB02 5.31 49 4.16 2 1105 0.5 0.51 2.58 0.24 0.86 271 64 17.4 1.61 51 
SY02 5.43 52.7 4.49 10 2150 0.4 0.53 0.47 0.19 0.16 272 157 17 1.27 18 
KG1.2 1.01 42.9 1.96 2 91.2 0.1 0.36 0.05 0.12 <0.05 833 24 10.5 0.85 13 
KG2.3 1.86 7.3 3.6 1 208 0.5 0.8 <0.05 0.45 <0.05 509 95 30 2.79 47 
KG3.5 0.08 2 0.07 2 9.6 <0.1 <0.01 <0.05 0.01 <0.05 20 3 0.7 0.08 2 
KG4.2 <0.03 0.7 0.03 1 5.1 <0.1 <0.01 <0.05 <0.01 <0.05 5 1 <0.5 <0.03 <2 
FFD.1 0.4 0.4 0.77 1 143 0.1 0.08 <0.05 0.05 <0.05 54 67 2.7 0.19 12 
 
ICPMS REE data 
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 P K Ti 
MU01 753.60 1237.89 9864.53 
TT01 1318.13 24139.31 2353.02 
TT06 2306.84 30745.40 3973.58 
MB02 1483.29 23580.92 3425.10 
SY02 2489.60 34473.68 3713.81 
KG2.3 658.39 1885.61 11415.09 
TT2 533.84 4359.68 2019.19 
KG1.2 117.10 9148.88 6948.57 
FFD.1 64.80 83.00 853.38 
KG3.5 0.01 185.47 172.18 
KG4.2 0.01 83.00 52.65 
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 Quartz Orthoclase Albite Anorthite Nepheline Actinolite Diopside Wollastonite Hypersthene 
MU01 2.98 0.89 28.52 21.46 0 0 11.92 0 11.96 
MU07 8.89 7.8 24.03 30.23 0 0 9.42 0 7.36 
TT01 1.54 17.2 17.6 16.48 0 0 26 0 8.42 
TT02 0 24.47 25.22 22.31 0 0 11.44 0 4.56 
TT04 0.24 11.64 23.44 21.18 0 0 20.76 0 8.26 
TT05 0 12.94 18.28 17.37 0 0 27.42 0 8.81 
TT06 1.57 21.87 23.27 18.5 0 0 16.31 0 5.36 
TT1 0 23.93 26.57 22.1 0 0 11.36 0 2.93 
SY02 0 24.53 28.35 20.37 0 0 11.45 0 2.77 
MB02 1.86 16.78 22.09 15.45 0 0 21.41 0 8.21 
KG2.3 3.59 1.36 15.91 26.44 0 0 18.5 0 12.72 
KG2.5 0 1.12 17.43 25.91 0 0 28.5 0 6.51 
MU05 0 3.78 10.92 15.76 0 0 45.29 0 11.27 
MU05a 0 3.37 10.32 14.91 0 0 47.08 0 6.47 
MU06 19.48 2.66 8.46 10.61 0 0 33.03 0 12.16 
MU08 0 5.14 12.52 18.89 0 0 38.97 0 2.49 
MU09 0.59 0.83 4.48 9.21 0 0 73.07 0.35 0 
TT2 1.67 3.13 9.31 9.24 0 0 61.62 0 6.98 
MB01 0 7.56 13.99 13.38 0.31 0 34.96 0 0 
MB03 0 8.33 13.45 13.8 0 0 31.19 0 4.12 
KG1.1 0 5.5 0.52 6.01 1.5 0 62.13 0 0 
KG1.2 0 6.5 0.15 6.58 2.26 0 57.35 0 0 
KG2.4 0 1.95 0.19 10.72 4.25 0 57.44 0 0 
FFD1 0 0 1.27 2.79 0 0 85.44 0 0.46 
FFD2 0 0 1.35 2.86 0 0 80.72 0 1.94 
KG3.1 0 0 0 0.38 0 0 0.82 0 11.97 
KG3.2 0 0 0 0.08 0 0 0.98 0 11.04 
KG3.3 0 0.24 0.42 0.23 0 0 1.25 0 10.26 
KG3.4 0 0 0.76 0.03 0 0 0.98 0 10.42 
KG3.5 0 0.12 0.85 0.17 0 0 1.72 0 10.15 
KG4.1 0 0 0 0.08 0 0 1.06 0 9.86 
KG4.2 0 0 0.25 0.08 0 0 0.78 0 11.11 
KG4.3 0 0 0.15 0 0 0.39 0.7 0 10.64 
KG4.4 0 0 0 0.11 0 0 0.22 0 11.38 
KG4.5 0 0 0.15 0 0 0.16 0.31 0 10.25 
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 Olivine Magnetite Ilmenite Haematite Titanite Perovskite Apatite Sum 
MU01 0 0 0.41 13.63 3.8 0 0.4 95.95 
MU07 0 0 0.3 8.11 0.96 0 0.69 97.8 
TT01 0 0 0.36 9.59 0.56 0 0.71 98.46 
TT02 0.17 0 0.34 9.26 1.25 0 1.37 100.39 
TT04 0 0 0.39 11.57 1.56 0 1.04 100.08 
TT05 0.22 0 0.49 11.29 1.16 0 0.95 98.93 
TT06 0 0 0.41 10.34 1.22 0 1.26 100.1 
TT1 1.27 0 0.34 9.13 1.2 0 1.42 100.26 
SY02 1.02 0 0.34 8.95 1.18 0 1.35 100.31 
MB02 0 0 0.36 9.69 1.03 0 0.81 97.68 
KG2.3 0 0 0.51 16.77 4.34 0 0.36 100.5 
KG2.5 1.91 0 0.45 14.44 3.54 0 0.26 100.07 
MU05 0.15 0 0.41 10.54 1.24 0 0.24 99.59 
MU05a 3.98 0 0.39 10.51 1.05 0 0.62 98.7 
MU06 0 0 0.43 9 0.38 0 0.66 96.88 
MU08 7.85 0 0.34 10.95 1.74 0 0.24 99.14 
MU09 0 0 0.39 10.03 0.8 0 0.09 99.85 
TT2 0 0 0.3 7.07 0.5 0 0.28 100.1 
MB01 7.93 0 0.47 17.02 0 1.71 1.47 98.8 
MB03 6.3 0 0.49 17.4 2.6 0 1.47 99.17 
KG1.1 3.52 0 0.43 19.47 0 1.51 0.07 100.66 
KG1.2 4.32 0 0.43 20.36 0 1.73 0.07 99.75 
KG2.4 2.72 0 0.45 18.11 0 2.54 0.05 98.43 
FFD1 4.05 0 0.24 5.32 0.06 0 0.02 99.66 
FFD2 6 0 0.24 5.94 0.06 0 0.09 99.2 
KG3.1 61.95 0.43 0.04 8.55 0 0 0 84.14 
KG3.2 63.7 0.49 0.02 8.94 0 0 0 85.25 
KG3.3 62.49 0.43 0.04 9.61 0 0 0 84.96 
KG3.4 62.46 0.5 0.04 9.67 0 0 0 84.85 
KG3.5 61.2 0.47 0.06 10.27 0 0 0 85 
KG4.1 64.49 0.46 0.02 8.95 0 0 0 84.91 
KG4.2 63.4 0.46 0.02 8.98 0 0 0 85.09 
KG4.3 64.02 0.49 0.02 9.17 0 0 0 85.57 
KG4.4 63.08 0.49 0.02 9.27 0 0 0 84.57 
KG4.5 64.26 0.49 0.02 8.89 0 0 0 84.54 
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Labels U/ppm Th/ppm Th/U ± Th/U Pb*/ppm 204/ppb 204Pb/206Pb ± 204/206 f206 ± f206 f207 f208 
TT2-1.1 1124.04 504.92 0.4492 0.01115 82 1 8.71E-06 7.03E-06 0.00016 0.00013 0.00241 0.00241 
TT2-2.1 249.71 75 0.30034 0.00559 17 2 0.000105 8.83E-05 0.0019 0.0016 0.0293 0.04214 
TT2-3.1 140.54 56.38 0.40116 0.01078 10 1 0.000147 0.000118 0.00266 0.00214 0.04105 0.04843 
TT2-4.1 388.58 127.95 0.32927 0.00699 27 3 0.000115 7.09E-05 0.00207 0.00128 0.03191 0.04344 
TT2-5.1 1311.27 162.08 0.1236 0.00331 81 55 0.000724 6.85E-05 0.01309 0.00124 0.17394 0.50595 
TT2-6.1 922.56 484.25 0.5249 0.01194 68 4 6.72E-05 2.25E-05 0.00121 0.00041 0.01818 0.01556 
TT2-1.2 918.56 395.27 0.43032 0.01332 66 0 0.000001 3.61E-05 0.00002 0.00065 0.00028 0.00028 
TT2-2.2 228.41 68.46 0.29972 0.00694 16 1 3.93E-05 4.94E-05 0.00071 0.00089 0.01114 0.01509 
TT2-7.1 381.68 192.5 0.50434 0.0144 20 3 0.000155 6.3E-05 0.00281 0.00114 0.04294 0.05799 
TT2-6.2 408.18 114.42 0.28031 0.00643 28 1 4.47E-05 4.08E-05 0.00081 0.00074 0.01232 0.01964 
TT2-8.1 456.31 151.44 0.33188 0.00643 32 2 7.97E-05 4.09E-05 0.00144 0.00074 0.02207 0.0296 
TT2-9.1 402.41 117.93 0.29307 0.00733 28 2 7.17E-05 4.04E-05 0.0013 0.00073 0.0208 0.03001 
TT2-10.1 311.15 128.06 0.41156 0.00668 21 1 6.04E-05 4.38E-05 0.00109 0.00079 0.01673 0.02113 
TT2-11.1 319.56 93.55 0.29274 0.00482 22 2 0.000111 8.42E-05 0.00201 0.00152 0.03104 0.04516 
TT2-12.1 244.7 76.12 0.31107 0.00438 17 0 2.02E-05 3.5E-05 0.00036 0.00063 0.00555 0.008 
TT2-13.1 281.79 144.14 0.51152 0.00759 21 3 0.0002 0.000118 0.00361 0.00214 0.05356 0.04561 
TT2-14.1 498.05 158.02 0.31729 0.00694 35 2 6.12E-05 3.77E-05 0.00111 0.00068 0.01716 0.02323 
TT2-15.1 433.58 144.65 0.33362 0.00292 31 1 4.79E-05 4.07E-05 0.00087 0.00074 0.01335 0.01712 
TT2-16.1 2543.93 1022.87 0.40208 0.00979 185 1 9.11E-06 7.86E-06 0.00016 0.00014 0.00249 0.00278 
TT2-17.1 481.44 252.88 0.52526 0.01252 36 2 6.64E-05 4.75E-05 0.0012 0.00086 0.01822 0.01554 
TT2-18.1 603.81 204.74 0.33907 0.01073 43 1 3.21E-05 0.000023 0.00058 0.00042 0.00871 0.01146 
TT2-19.1 1469.92 431.94 0.29385 0.00456 101 9 9.69E-05 0.000034 0.00175 0.00061 0.02651 0.04345 
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Labels Y ± Y com8/6 ± com8/6 6*/38m ± 6*/38m UO/U ± UO/U 208Pb/206Pb ± 8/6 208Pb/232Th ± 8/32 
TT2-1.1 0 0 0 0 0.20063 0.00828 6.9085 0.11564 0.13717 0.00195 0.02177 0.00133 
TT2-2.1 0.00185 0.00329 0.97385 1.92024 0.19262 0.0062 6.8026 0.09861 0.09077 0.00437 0.02134 0.00145 
TT2-3.1 0 0 0 0 0.18132 0.0052 6.6117 0.10041 0.11003 0.00618 0.01929 0.00146 
TT2-4.1 0 0 0 0 0.18732 0.0074 6.781 0.09362 0.09615 0.00398 0.02018 0.00137 
TT2-5.1 0.01665 0.00149 1.2721 0.16574 0.15971 0.0101 6.3842 0.15843 0.02723 0.00284 0.01464 0.00197 
TT2-6.1 0.00176 0.00429 1.4488 3.56799 0.18503 0.00719 6.694 0.10626 0.16158 0.00235 0.02156 0.00125 
TT2-1.2 0.0027 0.00486 0 0 0.18794 0.00788 6.7402 0.14201 0.13578 0.00293 0.02214 0.00157 
TT2-2.2 0.00639 0.00447 8.99042 12.91278 0.19409 0.00756 6.7893 0.12344 0.09762 0.00435 0.02326 0.00172 
TT2-7.1 0 0 0 0 0.13305 0.00591 6.4881 0.12353 0.09607 0.00444 0.01021 0.00082 
TT2-6.2 0 0 0 0 0.19309 0.00732 6.7842 0.11463 0.08483 0.00376 0.02153 0.00155 
TT2-8.1 0 0 0 0 0.20072 0.0079 6.9751 0.11787 0.09944 0.00325 0.02097 0.00136 
TT2-9.1 0.00021 0.00296 0.16221 2.28539 0.1824 0.00616 6.6173 0.10678 0.08814 0.00244 0.02125 0.00129 
TT2-10.1 0 0 0 0 0.18358 0.00733 6.766 0.09872 0.10647 0.00299 0.0176 0.00106 
TT2-11.1 0.00313 0.00534 1.55931 2.91114 0.1893 0.00558 6.7387 0.08666 0.08947 0.00605 0.02161 0.00174 
TT2-12.1 0 0 0 0 0.18794 0.0054 6.6781 0.07886 0.09499 0.00465 0.02183 0.00139 
TT2-13.1 0.00868 0.00564 2.40547 2.11514 0.18482 0.0058 6.633 0.08361 0.15934 0.00682 0.02219 0.00136 
TT2-14.1 0.00201 0.00406 1.81417 3.83536 0.18136 0.00779 6.6264 0.12536 0.09783 0.00373 0.0216 0.00157 
TT2-15.1 0.00317 0.00215 3.66458 3.9881 0.18887 0.00474 6.6873 0.04281 0.10456 0.00249 0.02245 0.00088 
TT2-16.1 0.00011 0.00401 0.64023 24.40149 0.19611 0.00717 6.8155 0.13745 0.12414 0.00265 0.02211 0.00142 
TT2-17.1 0.00008 0.00505 0.06343 4.2103 0.19436 0.00779 6.807 0.13302 0.16004 0.00372 0.02168 0.00143 
TT2-18.1 0.00147 0.00373 2.53342 6.68678 0.18465 0.00823 6.6592 0.12729 0.10514 0.00191 0.0219 0.00153 
TT2-19.1 0 0 0 0 0.2058 0.00543 7.0453 0.06587 0.08121 0.0016 0.01943 0.00082 
 
 
160 
 
Labels 206Pb/238U ± 6/38 207Pb/235U ± 7/35 207Pb/206Pb ± 7/6 238U/206Pb ± 38/6 235U/207Pb ± 35/7 
TT2-1.1 0.0713 0.00385 0.5546 0.0312 0.05642 0.00058 14.0259 0.75826 1.80311 0.10145 
TT2-2.1 0.0706 0.00314 0.52981 0.03131 0.05443 0.00184 14.1643 0.62965 1.88748 0.11154 
TT2-3.1 0.07035 0.00302 0.52199 0.03366 0.05381 0.00232 14.21489 0.61064 1.91576 0.12353 
TT2-4.1 0.06909 0.0034 0.51917 0.03095 0.0545 0.00153 14.47295 0.71273 1.92614 0.11482 
TT2-5.1 0.06646 0.00538 0.49917 0.04424 0.05447 0.00149 15.04639 1.21861 2.00333 0.17757 
TT2-6.1 0.07003 0.00358 0.54805 0.0309 0.05676 0.00103 14.27895 0.7307 1.82465 0.10287 
TT2-1.2 0.07016 0.00423 0.54489 0.03481 0.05632 0.00084 14.25246 0.85915 1.83524 0.11725 
TT2-2.2 0.07142 0.00387 0.53776 0.03329 0.05461 0.0013 14.00226 0.7593 1.85956 0.11511 
TT2-7.1 0.05361 0.00318 0.40082 0.02694 0.05423 0.00135 18.65477 1.10728 2.49488 0.16768 
TT2-6.2 0.07116 0.00368 0.54996 0.03158 0.05605 0.00108 14.0535 0.72737 1.81832 0.10443 
TT2-8.1 0.06997 0.0037 0.53348 0.0308 0.05529 0.00097 14.29108 0.75516 1.87448 0.10822 
TT2-9.1 0.07065 0.00337 0.51443 0.02829 0.05281 0.00116 14.15417 0.67599 1.94391 0.1069 
TT2-10.1 0.06801 0.00343 0.521 0.03208 0.05556 0.00164 14.70266 0.74197 1.91939 0.11817 
TT2-11.1 0.0707 0.00285 0.52971 0.02816 0.05434 0.00162 14.14359 0.57104 1.88783 0.10035 
TT2-12.1 0.07148 0.00275 0.55589 0.02772 0.05641 0.00153 13.99068 0.53896 1.79893 0.0897 
TT2-13.1 0.07125 0.00296 0.54371 0.03346 0.05535 0.00225 14.03542 0.58212 1.83921 0.11318 
TT2-14.1 0.07005 0.00407 0.52942 0.03296 0.05481 0.00089 14.27484 0.8295 1.88885 0.11758 
TT2-15.1 0.07163 0.00214 0.54695 0.02018 0.05538 0.00101 13.96055 0.41738 1.82832 0.06746 
TT2-16.1 0.07161 0.00396 0.56336 0.03237 0.05706 0.00057 13.9655 0.77288 1.77507 0.10201 
TT2-17.1 0.07114 0.00405 0.54942 0.03489 0.05601 0.00123 14.05621 0.79953 1.82009 0.11558 
TT2-18.1 0.07062 0.00421 0.55587 0.03486 0.05708 0.00077 14.15936 0.84363 1.79899 0.11283 
TT2-19.1 0.07032 0.00238 0.54038 0.02011 0.05573 0.00066 14.2204 0.48155 1.85055 0.06888 
 
 
161 
 
 
 
Labels 206Pb/207Pb ± 6/7 AGE 8/32 ± age8/32 AGE 6/38 ± age6/38 AGE 7/35 ± age7/35 AGE 7/6 ± age7/6 % CONC Time 
TT2-1.1 17.72524 0.18136 435.33 26.36 443.96 23.24 448 20.59 468.81 22.81 94.7 13.9 
TT2-2.1 18.37339 0.62058 426.72 28.8 439.77 18.93 431.68 21 388.74 77.67 113.1 14.23 
TT2-3.1 18.58231 0.79939 386.27 28.97 438.26 18.23 426.48 22.71 363.3 100.05 120.6 14.67 
TT2-4.1 18.34987 0.51362 403.76 27.11 430.7 20.55 424.6 20.9 391.62 64.06 110 15.48 
TT2-5.1 18.3578 0.50092 293.76 39.3 414.8 32.62 411.14 30.42 390.65 62.43 106.2 15.83 
TT2-6.1 17.61918 0.31914 431.12 24.69 436.36 21.63 443.72 20.47 482.08 40.52 90.5 16.15 
TT2-1.2 17.7543 0.26522 442.61 31.15 437.14 25.53 441.64 23.14 465.18 33.44 94 17.95 
TT2-2.2 18.31101 0.43639 464.77 33.98 444.69 23.34 436.95 22.22 396.37 54.34 112.2 18.25 
TT2-7.1 18.43998 0.46041 205.35 16.44 336.62 19.5 342.24 19.72 380.61 57.13 88.4 18.55 
TT2-6.2 17.83973 0.34329 430.61 30.67 443.12 22.2 444.97 20.9 454.53 43.29 97.5 18.85 
TT2-8.1 18.08489 0.31768 419.4 27.03 436 22.32 434.12 20.6 424.16 39.68 102.8 19.45 
TT2-9.1 18.93617 0.41539 424.99 25.51 440.07 20.35 421.42 19.15 320.6 50.63 137.3 19.75 
TT2-10.1 17.99979 0.53136 352.55 20.98 424.18 20.75 425.82 21.64 434.68 67.13 97.6 20.05 
TT2-11.1 18.40363 0.55014 432.1 34.42 440.39 17.21 431.62 18.86 385.05 68.59 114.4 20.65 
TT2-12.1 17.72872 0.48236 436.43 27.58 445.04 16.59 448.84 18.25 468.37 61.4 95 20.95 
TT2-13.1 18.06791 0.73308 443.68 26.98 443.67 17.81 440.87 22.25 426.26 93.14 104.1 21.25 
TT2-14.1 18.2443 0.29571 431.95 31.16 436.48 24.57 431.43 22.12 404.55 36.7 107.9 21.85 
TT2-15.1 18.05723 0.32882 448.74 17.42 445.97 12.9 443 13.33 427.58 41.13 104.3 22.15 
TT2-16.1 17.52508 0.17587 441.99 28.05 445.82 23.88 453.71 21.25 493.89 22.28 90.3 22.45 
TT2-17.1 17.85357 0.39295 433.45 28.28 443.04 24.4 444.62 23.13 452.81 49.62 97.8 23.05 
TT2-18.1 17.51806 0.23665 437.87 30.29 439.92 25.39 448.83 23.01 494.78 30.06 88.9 23.35 
TT2-19.1 17.94277 0.21157 389.05 16.25 438.09 14.36 438.68 13.35 441.74 26.45 99.2 23.65 
